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Abstract
Objectives: Overexpression or constitutive activa-
tion of epidermal growth factor receptors (EGFR)
is involved in growth of human cancers. We inves-
tigated effects of EGFR and HER-2 blockade in
colon cancer cell lines using cetuximab and trast-
uzumab, with the aim of developing novel
approaches to cancer therapy.
Materials and methods: We studied effects of treat-
ment on cell growth, cell cycle distribution, induc-
tion of apoptosis, changes in EGFR and HER-2
mRNA-protein expression and EGFR and HER-2
gene copy number in Caco-2, HT-29 and HCT-116
cells.
Results: Treatment of cells resulted in no effect in
one of the three cell lines and in inhibition of cell
proliferation in a time- and dose-dependent manner
in the other two, with modulation of EGFR and
HER-2 mRNA and protein levels. Differences in
sensitivity to cetuximab and trastuzumab were
observed. Treatment induced specific changes in
cell cycle distribution in both cell lines affected,
while apoptosis was not increased. Fluorescence in
situ hybridization analysis revealed abnormal copy
number of two genes resulting from aneuploidy;
this was not responsible for different sensitivity to
combination between the two cell lines.
Conclusions: Targeting EGFR and HER-2 simulta-
neously could have useful applications in colorectal
cancer treatment. To improve pharmacological effi-
cacy of cetuximab and trastuzumab combination,

molecular mechanisms involved in their activity
need to be elucidated.

Introduction

Colon cancer is one of the most common human malig-
nancies, and is a leading cause of death worldwide. In
Europe approximately 250 000 new colon cancer cases
are diagnosed each year, accounting for around 9% of
all malignancies (1,2). Incidence is slightly higher in
North Western Europe than in Southern and Eastern
regions (3). In recent years, targeted therapy has repre-
sented a valid approach for treating colorectal cancer and
a promising area of research that aims to exploit molecu-
lar mechanisms responsible for tumour progression.

Type 1 growth factors and their tyrosine kinase
receptors have 11 genes that encode ligands, and four
genes that encode transmembrane receptors (human epi-
dermal growth factor receptor, also known as HER-1,
ErbB-1 or EGFR; HER-2 or ErbB-2; HER-3 or ErbB-3;
HER-4 or ErbB-4) (4,5). Ligand-induced homo- and
heterodimerization activates signalling cascades that
affect proliferation, differentiation, cell motility and sur-
vival (6). Dysregulation of signalling pathways induced
via ErbB/HER receptors, by their overexpression or con-
stitutive activation, can promote tumour expansion pro-
cesses including angiogenesis, stromal invasion and
metastasis, and is associated with poor prognosis in
many human malignancies (7). Thus, the ErbB/HER
receptor family and particularly its most prominent
members, EGFR and HER-2, represent valid targets for
anti-cancer therapy. EGFR is often overexpressed or
constitutively activated in colon cancer, correlating with
poor response to treatment, disease progression and poor
survival (8). Cetuximab (C225; Erbitux) is a chimaeric
monoclonal antibody clinically approved for treating
colorectal cancer. It binds the extra-cellular domain of
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EGFR with high affinity, prevents its ligand from inter-
acting with the receptor and the receptor from adopting
conformation required for dimerization (9–11). Tumour-
promoting effects of HER-2 have been well character-
ized in breast cancer (12), yet little is known concerning
its potential role as a therapeutic target in colon cancers,
whose cells express fewer HER-2 receptors than those
of breast cancers (13). However, overexpression of
HER-2 in colon cancer compared to normal adjacent
colon tissue has been demonstrated (14–17). Trast-
uzumab (Herceptin), a humanized monoclonal antibody,
inhibits cell population growth by binding to the extra-
cellular domain of HER-2 receptor. This has already
been approved for treatment of metastatic breast cancer
and gastric cancer (18), and it has been shown to inhibit
colony formation in HCA-7 colon cancer cell line (19).
Monotherapy response rates of cetuximab in metastatic
colorectal cancer are no better than mild (20), although
these improve when monoclonal antibodies (mAbs) are
used in combination with chemotherapy. However, poor
tumour penetration, autocrine signalling, acquired resis-
tance and receptor mutation hinder drug performance
(21,22). It is thus useful to develop complementary ther-
apeutic strategies to enhance antibody efficacy. Few
studies have examined effects of targeting both EGFR
and HER-2 in colon cancer (23). This could be a poten-
tially important approach, as EGFR and HER-2 are pre-
ferred heterodimerization partners when co-expressed,
and co-operate in signalling (24). Co-expression of sev-
eral EGF receptors may lead to enhanced transforming
potential and worsened prognosis (25). It was recently
established that combinations of anti-EGFR antibodies
synergistically reduced surface receptor levels both
in vitro and in vivo. This downregulation of receptors
lead to enhanced tumour cell killing and prolonged
survival, in mouse xenograft models of cancer (26). Effi-
cacy of combinations of mAbs in inducing downregula-
tion has also been reported for ErbB2 in mouse models
(27). Thus, co-administration of inhibitors, targeting
multiple members of the EGF receptor family, may pro-
vide greater therapeutic benefit to patients, constituting
an interesting approach to cancer therapy.

In this investigation, we used Caco-2, HT-29 and
HCT-116 human colon cancer cell lines. These entero-
cyte phenotypes were derived from three human primary
colon carcinomas, and are well-established models for
study of biology and drug treatment of colon cancer
(28). We examined effects of cetuximab and trast-
uzumab, alone or in combination, on cell proliferation.
Blocking both EGFR and HER-2 receptors had a syner-
gistic effect on inhibition of replication of Caco-2 and
HT-29 cells, demonstrating the role of both receptors in
tumour growth and progression. These results suggest

that their dual inhibition can be an important therapeutic
strategy in colon cancer. We also treated Caco-2 and
HT-29 with EGF to evaluate whether or not the natural
ligand competes with binding of cetuximab or trast-
uzumab to the receptor target. The present study also
determined action of the two agents (cetuximab and
trastuzumab) on EGFR and HER-2 gene expression and
the cell cycle, and evaluated induction of apoptosis.
Finally, we also assessed whether gene copy number of
EGFR and HER-2 affected action of cetuximab, trast-
uzumab and EGF.

Materials and methods

Cell lines and cell culture reagents

All materials and media for cell culture were bought
from Invitrogen (Carlsbad, CA, USA) unless otherwise
specified. Caco-2, HT-29 and HCT-116 human colon
cancer cell lines were obtained from the American Type
Culture Collection. Caco-2 and HT-29 cells were rou-
tinely maintained in Dulbecco’s modified Eagle’s med-
ium (DMEM), and HCT-116 in McCoy’s 5A medium.
Both media were supplemented with 10% (v/v) foetal
bovine serum (FBS), 50 lg/ml penicillin and 100 lg/ml
streptomycin. Cells were cultured at 37 °C in a humidi-
fied 5% CO2 atmosphere.

Cell growth inhibition assay

Suspensions were plated at 4 9 103 (Caco-2),
2.5 9 103 (HT-29) and 1.5 9 103 (HCT-116) cells per
well, in 96-well plates, in media containing 10, 20 or
40 lg/ml of cetuximab (5 mg/ml, C225; Erbitux; kindly
provided by Merck Inc., Milan, Italy) and/or trast-
uzumab (150 mg, 4D5, Herceptin; Roche Inc., Monza,
Italy) for 24 and 48 h at 37 °C. Alternatively, identical
concentrations of each drug were added to cell monolay-
ers in 96-well plates containing DMEM supplemented
with 1% FBS; cells were maintained for 24 or 48 h. Six
wells were assigned to each experimental treatment.

In further experiments, 10 ng/ml EGF (Invitrogen),
alone or in association with the drugs, was added to cell
suspensions, or to cells previously plated in 96-well
plates. Control cells were exposed to equivalent volumes
of delivery vehicle, DMSO, to provide medium concen-
tration of 0.2% DMSO.

Cell viability/proliferation was evaluated by 3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide
(MTT; Sigma-Aldrich Inc, St. Louis, MO, USA) assay,
as previously described (29). Briefly, after drug expo-
sure, 10 ll 5 mg/ml MTT solution was added to each
well and the reaction was allowed to proceed for 3–4 h
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at 37 °C. Culture medium was then removed and precip-
itated formazan crystals were dissolved by adding
DMSO (200 ll). Absorbance of each well was read at
570 nm and directly correlated to number of remaining
viable cells. Absorbance data were normalized to per-
centage of vehicle-treated control, then graphed.

NCI expression Mean ODtest � Mean ODtzero, where
ODtzero was optical density at time 0 (T0) and ODtest

was optical density after 48 h treatment, was used to
measure effects of the two drugs (40 lg/ml each) on the
cell lines. Values greater than zero indicated growth
inhibition effect, less than zero – a cytotoxic effect.

Measured result (percentage of growth, PG) of the
combination of two compounds on each cell line was then
calculated according to the following expressions: PG =
100 9 (Mean ODtest � Mean ODtzero)/(Mean ODCtrl �
Mean ODtzero) or PG = 100 9 (Mean ODtest � Mean
ODtzero)/Mean ODtzero, where ODtest = optical density
after 48 h of treatment; ODtzero = optical density at time
0 (that is, optical density at time compounds were added);
Mean ODCtrl = optical density after 48 h exposure to
0.2% DMSO.

Flow cytometry for annexin V staining and cell-cycle
analysis

Caco-2 and HT-29 cell suspensions were plated at
1 9 106 cells per dish in 100 mm Petri dishes in media
containing 40 lg/ml of cetuximab and trastuzumab, for
24 and 48 h, at 37 °C. Apoptosis was analysed using an
Annexin V–FITC Apoptosis Detection kit (Sigma-
Aldrich Inc). Briefly, cells were harvested with trypsin
and washed in phosphate buffered saline (PBS). They
were then resuspended in 19 binding buffer at
1 9 106 cells/ml. Next, 5 ll annexin V–FITC conjugate
and 10 ll propidium iodide solution were added to each
cell suspension and cells were incubated at room tem-
perature for 10 min in the dark. Cell fluorescence was
determined immediately using an Epics Elite XL-MCL
FACScan flow cytometer (Bekman-Coulter s.r.l., Cas-
sina De' Pecchi, Milan, Italy) and data were analysed
with the aid of Expo32 software. Percentage apoptosis
was percentage of annexin V-positive, propidium
iodide-negative cells, of all propidium iodide-negative
cells counted. For cell cycle distribution analysis, cells
were cultured in cetuximab and trastuzumab for the indi-
cated time periods, then harvested by trypsinization.
One million cells were resuspended in PBS and fixed in
70% ethanol; they were then kept in ethanol for at least
2 h at 4 °C before being centrifuged. Cell pellets were
stained for DNA by washing and suspending them in
1 ml PI staining solution, containing 0.1% (v/v) Triton
X-100, 10 lg/ml PI (Sigma-Aldrich Inc) and 100 lg/

mL DNase-free RNase A (Sigma-Aldrich Inc) in PBS.
Samples were retained in the dark at room temperature
for 30 min then transferred to the flow cytometer to
measure cell fluorescence. Data were analysed using the
approved program.

RNA isolation and cDNA synthesis

Caco-2 and HT-29 cell suspensions in DMEM supple-
mented with 1% FBS were plated with 40 lg/ml cetux-
imab and trastuzumab in 6-well plates for 6, 24 and
48 h. Control cells received appropriate DMSO concen-
trations for the same time periods. RNA was isolated
using RNeasy Mini kit (Qiagen S.p.A., Milan, Italy),
according to the manufacturer’s instructions. Briefly,
cells were lysed in the presence of highly denaturing
guanidine thiocyanate-containing buffer. Ethanol was
added and samples were applied to a spin column.
High-quality RNA was then eluted in 30 ll water. Total
RNA was quantified using a NanoDrop 1000 Spectro-
photometer (Thermo Scientific, Wilmington, DE, USA)
and cDNA was synthesized from 2 lg total RNA from
each sample, using random hexamers and 50 U/ll
SuperScript II reverse transcriptase (Invitrogen).

Quantitative real-time RT-PCR

Quantitative real-time RT-PCR (qRT-PCR) experiments
were performed with the StepOne Real-Time PCR Sys-
tem (Applied Biosystems, Foster City, CA, USA). For
EGFR and HER-2 mRNA quantification, two pairs of
sequence specific oligonucleotides were designed using
Oligo PerfectTM Designer software (Invitrogen) based on
the sequence of human EGFR variant-1 (accession num-
ber: NM_005228.3) and HER-2 variant-1 (accession
number: NM_004448.2).
For EGFR variant-1, the following primers were used:
Fw primer 50-GGG AGT TGA TGA CCT TTG GA-30

Rv primer 50-TGC ACT CAG AGA GCT CAG GA-30

For HER-2 variant-1, the following primers were used:
Fw primer 50-CGA GAG GTG AGG GCA GTT AC-30

Rv primer 50-AGC AGA GGT GGG TGT TAT GG-30

Differences between samples in initial amount of total
RNA were normalized in each assay using glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) housekeep-
ing gene expression as internal standard.
For GAPDH, the following primers were used:
Fw primer 50-TCAAGAAGGTGGTGAAGCAG-30

Rv primer 50-TCTTACTCCTTGGAGGCCAT-30

Each PCR reaction was carried out in 25 ll final vol-
ume using SYBR Green PCR Master Mix (Applied Bio-
systems) and 1 lM of primers. Finally, 1 ll diluted
cDNA (50 ng/ll) was added for each reaction. Each
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sample was loaded in triplicate. Standard conditions
were used for PCR amplification (50 °C for 2 min,
95 °C for 10 min, followed by 40 cycles at 95 °C for
15 s, 60 °C for 1 min). As a negative control, we per-
formed reactions without cDNA (no template control,
NTC). All reactions were performed in triplicate and a
standard curve was included for assay validation for
each pair of primers. Relative abundance mRNA of the
gene of interest was deduced from the cycle number at
which fluorescence increased above background level
(Ct) in the exponential phase of the PCR reaction.

Protein extraction, immunoprecipitation and western
blot analysis

Total cell proteins were extracted from serum-starved
cells, plated with 40 lg/ml cetuximab and trastuzumab
in 100 mm Petri dishes for 48 h, as previously
described (30). Protein concentrations were adjusted to
the same concentration and volume led to 1 ml with
ice-cold lysis buffer, 1:1000 diluted anti-EGFR (Santa
Cruz Biotech, Santa Cruz, CA, USA) antibody was suc-
cessively added, and samples were incubated on a rota-
tor overnight at 4 °C. Anti-EGFR was precipitated by
addition of 50 ll 50% protein A/G-sepharose (GE
Healthcare Bio-Sciences AB, Uppsala, Sweden) bead
suspension for 2 h at 4 °C. Beads were washed 4 times
in ice-cold lysis buffer, supernatant was removed and
stored for the following immunoprecipitations. Then
20 ll 19 protein sample buffer was added per sample.
Anti-HER-2 (Santa Cruz Biotech) was added to superna-
tants to repeat the whole procedure, which was per-
formed once more with the new supernatants obtained,
to which anti-P-EGFR (BD Transduction Laboratories,
Franklin Lakes, NJ, USA) or anti-P-HER-2 (Cell Signal-
ing, Inc., Danvers, MA, USA) antibodies were added.
All samples were boiled for 5 min and centrifuged at
12879 g for 1 min to precipitate the beads; proteins
were separated in acrylamide gels, electrotransferred to
nitrocellulose blots (GE Healthcare Bio-Sciences AB),
as previously described (30), and incubated with the
same antibodies used for immunoprecipitations.

FISH analysis

Dual colour FISH was performed using Histology FISH
Accessory kit and EGFR/CEN-7 FISH Probe Mix or
HER-2 FISH pharmDx kit (Dako Italia S.p.A., Milano,
Italy), according to the manufacturer’s instructions.
Briefly, 2 9 105 cells in PBS were placed on slides and
air-dried for 24 h, beore being dehydrated in ascending-
grade alcohols. Probe mixture was dropped on to
the slides, denatured for 5 min at 82 °C and

hybridized overnight at 45 °C. Slides were then washed
in saline–sodium citrate buffer at 65 °C, dehydrated in
ascending-grade alcohols, air-dried and mounted in
DAPI-containing fluorescence mounting medium. Evalu-
ation was performed using a fluorescence microscope,
scoring 60 non-overlapping interphase nuclei. EGFR or
HER-2 were visualized as red signals, using a tetrameth-
ylrhodamine isothiocyanate filter, while chromosome 7
a-centromeres (CEN-7) or chromosome 17 a-centro-
meres (CEN-17) appeared as green signals using a fluo-
rescein isothiocyanate filter; nuclei provided a blue
signal using a DAPI filter. Ratio of total number of
EGFR or HER-2 signals to total number of CEN-7 or
CEN-17 signals was calculated for each cell line. Ratio
of 2 or greater was recorded as positive for EGFR or
HER-2 gene amplification. Cells in which both EGFR/
HER-2 and CEN-7/CEN-17 were equally elevated (more
than two signals per nucleus) were regarded as aneu-
ploid.

Statistical analysis

Statistical analyses were performed using ANOVA pro-
gram for one-way analysis of variance, to examine dif-
ferences between treatment conditions and controls. All
results are expressed as mean � SEM. Results were
analysed using Fisher’s exact test, and P < 0.05 were
accepted as statistically significant.

Results

Non-cytotoxic inhibition of cell proliferation induced by
cetuximab and trastuzumab combination

To evaluate roles of EGFR and HER-2 receptors on
Caco-2, HT-29 and HCT-116 cell viability, cells were
incubated with mAbs cetuximab and trastuzumab, spe-
cific to EGFR and HER-2 respectively. Antibodies were
added after plating cells or while they were transiently
suspended before plating. Concentrations, alone or in
combination experiments, were 10, 20 and 40 lg/ll.
Growth inhibition of Caco-2 and HT-29 cells was
observed after 48 h exposure to combinations with
40 lg/ll of each drug, but only in experiments in which
the drugs had been added to cell suspensions. Single
antibody administration under the same conditions had
no effect on cell proliferation (Fig. 1). As no effect was
observed on HCT-116 cell proliferation, only Caco-2
and HT-29 cells were used for the following experi-
ments.

To assess whether cetuximab and trastuzumab inhi-
bition of cancer cell proliferation was a cytostatic or
cytotoxic effect, a separate set of proliferation studies
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was carried out on Caco-2 and HT-29 cell lines. After
48 h exposure to the drug combination, effect of com-
pounds on the two cell lines was calculated according to
NCI guidelines. Growth inhibitory effect was 49.4% for
Caco-2 cells and 31.7% for HT-29 cells. That is, inhibi-
tion of cell growth induced by cetuximab and trast-
uzumab did not fall below the initial cell density at the
time of compound addition (T0), suggesting that the two
drugs inhibited cell proliferation.

To assess the effect of natural ligand on tumour cell
growth, we used EGF alone or in association with

cetuximab and trastuzumab. Addition of exogenous
10 nM EGF to Caco-2 or HT-29, either plated or tran-
siently in suspension, stimulated proliferation of HT-29
cells but did not affect proliferation of Caco-2 cells,
probably due to presence of optimum levels of growth
factors by autocrine activity. As expected, growth inhibi-
tory effect mediated by the two antibodies was not
reversed when EGF was co-administered with them on
either of the two cell lines (Fig. 2).

Effects of cetuximab and trastuzumab on apoptosis and
the cell cycle

To confirm that cetuximab and trastuzumab had a cyto-
static effect on Caco-2 and HT-29, we treated them for
48 h with the tested agents at concentrations with maxi-
mum inhibitory effect on cell proliferation, as previously
described. Apoptosis was then evaluated using the ann-
exin V binding assay. No significant increases in apop-
tosis were seen when cells were plated with the drug
combination, compared to DMSO-only control cells
(Fig. 3).

To determine whether population growth inhibition
observed in the cells was associated with specific
changes in cell cycle distribution, cell cycle analysis
was performed using DNA flow cytometry. For both
Caco-2 and HT-29, two cell subpopulations were pres-
ent with the following percentages: 55% Caco-2 cells
were tetraploid and 45% were diploid; 93.86% HT-29
were diploid and 6.14% were aneuploid. Treatment of
cells for 48 h with 40 lg/ml cetuximab and trastuzumab
did not change this percentage in Caco-2 cells, while
aneuploid subpopulation of HT-29 cells increased to
30% (Fig 4). Flow cytometric analysis demonstrated that

(a)

(b)

(c)

Figure 1. Effect of cetuximab and trastuzumab, alone or in combi-
nation, on Caco-2 (a), HT-29 (b) and HCT-116 (c) cell population
growth after 48 h treatment. Results expressed as percentage of con-
trol with 100% representing control cells treated with DMSO alone.

Figure 2. Effect of EGF, cetuximab and trastuzumab on popula-
tion growth of HT-29 and Caco-2 cells after 48 h treatment.
Results expressed as percentage of control with 100% representing
control cells treated with DMSO alone. Vertical bars � SE of triplicate
assays. *P < 0.05 versus control values of cells treated with DMSO
alone (one-way ANOVA followed by Student’s t-test).
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reduced cell proliferation was associated with increase
in G1 cell population in both Caco-2 cell subpopulations
(49% versus 64% for tetraploid cells, 46% versus 68%
for diploid cells) and HT-29 diploid cells (59% versus
70.5% for diploid cells). In addition, aneuploid HT-29
cells accumulated in the G1 phase, which changed to
68%. These results were associated with concomitant
reduction of Caco-2 cells in S phase. This effect was
marked in aneuploid HT-29 cells, we observed no
change in the diploid subpopulation. G2–M phase was
influenced by treatment only in HT-29 cell subpopula-
tions: both agents reduced diploid cells in this phase to
near zero (16% versus 0.5%) and induced it in aneu-
ploid cells (0% versus 6%).

Influence of cetuximab and trastuzumab on EGFR and
HER-2 mRNA and protein levels

Messenger RNA levels of EGFR and HER-2 were
assessed by quantitative RT-PCR in Caco-2 and HT-29
cells under basal conditions and 6, 24 and 48 h after
treatment with the tested agents. HT-29 cells expressed
more EGFR and HER-2 mRNAs than Caco-2 cells, with
prevalence of HER-2 mRNA in both cell lines (data not

shown). We observed late increase of both mRNAs in
Caco-2 cells (Fig. 5a), while increases were early and
transient in HT-29 cells, in which HER-2 mRNA
decreased to below control mRNA level after 48 h
(Fig. 5b).

EGFR and HER-2 proteins were analysed by wes-
tern blotting to evaluate whether they were overexpres-
sed and activated in Caco-2 and HT-29 cells after 48 h
treatment. EGFR and p-EGFR proteins were increased
slightly in Caco-2 cells compared to their levels in vehi-
cle-treated control (0.36-fold and 0.11-fold respectively),
while we observed 0.28-fold decrease in HER-2 protein
levels in the same cell line. Phospho-HER-2 protein was
not modified by combined treatment (Fig. 6a). In HT-29
cells, EGFR protein was 0.42-fold higher, while p-
EGFR proteins were 0.34-fold lower. There were no
major differences in expression levels of HER-2 and
p-HER-2 proteins between treated and untreated cells
(Fig. 6b).

EGFR and HER-2 gene amplification

Gene amplification status of EGFR and HER-2 was
determined by FISH analysis. Both Caco-2 and HT-29
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Figure 3. Annexin V and PI double stain-
ing for apoptosis of Caco-2 (a) and HT-29
(b) cells. Early apoptotic cells defined as ann-
exin V-positive, PI-negative cells.
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cells were aneuploid for both genes, with equally higher
EGFR and CEN-7 signals, as well as HER-2 and CEN-
17 signals, indicating polysomy (increased gene copy
number) without amplification (Figs 7,8).

Discussion

Growth factors regulate cell proliferation and cell
homoeostasis by binding to specific membrane receptors.
EGFR and HER-2 are two EGF receptors overexpres-
sed in a variety of cancers and are commonly impli-
cated in biology of human epithelial malignancies
(9,31,32). Because of the role of the EGFR signalling
pathway in progression of colorectal cancer, therapeutic
use of agents that block the EGFR signal transduction
pathway or induce EGFR downregulation has been
considered (33). However, administration of EGFR
mAbs or EGFR tyrosine kinase inhibitors (TKIs) to
patients previously not responding to standard therapy,
have generated at best a 10% response rate, despite the

fact that in 80% of colon cancer pathogenesis poten-
tially implicates EGFR (34,35). This limited efficacy
could be due to unblocked ErbB2 signalling in the
form of EGFR/ErbB2 or ErbB2/ErbB3 heterodimers
when EGFR, ErbB2 and ErbB3 are co-expressed in the
tumour cells (36). For example, it has recently been
shown that AG1478 (an EGFR TKI) failed to induce
apoptosis at concentrations sufficient to inhibit EGFR
activation in an aggressive human colon carcinoma cell
line harbouring constitutive expression of TGFa. On
the contrary, synergistic inhibition of cell proliferation
and induction of apoptosis were observed when
AG1478 was administrated in combination with
AG879, an HER-2 TKI. This indicates that resistance
to EGFR TKI could be overcome by a combination
approach with HER-2 TKI (37).

In the light of these data, we treated Caco-2, HT-29
and HCT-116 colon cancer cell lines with a combination
of antibodies directed against EGF receptors. Following
ligand binding, EGFR stimulates downstream cell sig-

(a)

(b)

Figure 4. Effect of cetuximab and trast-
uzumab on cell cycle phase distribution in
Caco-2 (a) and HT-29 (b) cells exposed to
cetuximab and trastuzumab. Columns rep-
resent median values of three samples.
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nalling cascades that influence cell proliferation, apopto-
sis, migration, survival, angiogenesis and tumourigenesis
(7). Blocking these processes can influence progression
of tumours. We decided to combine cetuximab, directed
against EGFR, and trastuzumab, directed against
HER-2, as both receptors dimerize in response to ligand
binding in most normal and malignant human cells. Co-
administration of inhibitors targeting multiple members
of the EGF receptor family may provide greater thera-
peutic benefit.

In this study, we demonstrated that the combination
response was cell-line dependent as we found differ-
ences in response of the three cell lines to the treatment,
HCT-116 cells not responding at all. Moreover, target-
ing only one receptor at a time with a specific blocking
antibody in each cell line failed to block cell prolifera-
tion. We did not observe inhibition of proliferation even
when treatment with a single agent was prolonged to
96 h. Kuwada et al. under their conditions, found an
anti-proliferative effect of cetuximab alone, which was
however potentiated by co-treatment with trastuzumab
(13).

Interestingly, administration of the two drugs to cells
after plating them also failed to block their proliferation.

This can be explained considering localization of EGFR
and HER-2 receptors. It has been previously reported
that they are predominantly localized on basolateral
membranes of colonic epithelial cells (38), and the
Caco-2 cell line is known to form polarized monolayers
(39,40). We do not have any data concerning localiza-
tion of EGF receptors on HT-29 or HCT-116 cells, but
suppose the same basolateral localization. For this rea-
son it is possible that on our cells, receptors were inac-
cessible to the antibodies when the cells were cultured
on plastic in confluent monolayers, while addition of
drugs to cells while transiently in suspension before
plating, induced inhibition of cell proliferation. In addi-
tion, we did not observe any effect on HCT-116 cells
which might be explained by these cells carrying a
KRAS mutation; it has been reported that mutations
which constitutively activate key signalling mediators
downstream of EGFR, particularly K-Ras/BRAF and
PTEN/PIK3CA, induce resistance to cetuximab (41).

Addition of exogenous EGF did not increase Caco-2
cell proliferation, in contrast to a report by Solmi et al.
who, on the contrary, described significant reduction in
Caco-2 cell viability (42). We can explain our results
considering presence of optimum levels of autocrine

(a)

(b)

Figure 5. Effect of cetuximab and trastuzumab on EGFR and HER-2 mRNA levels. (a) Caco-2 cells; (b) HT-29 cells. Results expressed as
relative expression, normalized to control cells treated with DMSO. All reactions were performed in triplicate.
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growth factors in Caco-2 cells, as has already been con-
sidered by Bishop and Wen (43). Amphiregulin (AR) is
the most abundant EGFR ligand expressed in Caco-2
cells (39). It is a likely candidate due to its abundant
expression at, as well as localization to, and release
from, basolateral surfaces, which would allow direct

access to EGFRs, whose basolateral expression has been
well documentated (38). In contrast, expression of TGF-
a or EGF was not detected by northern blot analysis.
Furthermore, TGF-a protein has not been detected in
conditioned medium or cell lysate using sensitive and
specific TGF-a radioimmunoassay (44). However, TGF-
a mRNA has been detected by RT-RCR (38), agreeing
with the results of Bishop and Wen (43). It has also
been reported that AR mRNA expression is more uni-
formly increased in human colon carcinomas than adja-
cent normal mucosa compared to relative TGF-a
expression in colon cancers and normal tissues (45). AR
acts as an autocrine growth factor for one human colon
carcinoma cell line (Geo) cultured as a monolayer on
plastic. Its removal from conditioned medium by AR
antibody immunoprecipitation has resulted in 40%
reduction in cell proliferation (46). In the same way,
HT-29 cells produce colorectum cell-derived growth fac-
tor (CRDGF), a protein homologous to AR. CRDGF
inhibits binding of EGF to its receptors and, like EGF
and TGF-a, stimulates phosphorylation of EGFR on
tyrosine residues (47). Then again, other authors have
used fluorescence resonance energy transfer (FRET)-
based methods to measure autonomous phosphorylation
of HT-29 and Caco-2, finding that HT-29 showed FRET
efficiencies over 50% and Caco-2 close to 30% (48).

Cetuximab and trastuzumab had lower efficacy on
HT-29 cells than Caco-2 cells, with growth inhibition of
31% in the former and 49% in the latter. It is well known
that colorectal adenocarcinomas are characterized by
numerical and/or structural chromosome aberrations
(49,50). Moreover, chromosome copy number heteroge-
neity and aneuploidy in tumour cell lines have been
reported (51). Our data derived from cell cycle analysis
confirmed this heterogeneity in Caco-2 and HT-29 cells

(a)

(b)

Figure 6. Effect of cetuximab and trastuzumab on EGFR and
HER-2 protein levels. (a) Caco-2 cells; (b) HT-29 cells. Results
expressed as relative expression, normalized to control cells treated
with DMSO. All reactions performed in triplicate.

(a) (b)

Figure 7. Dual colour FISH assay for
probes of EGFR (red) and chromosome 7
a-centromeric (CEN-7, green) for Caco-2
(a) and HT-29 cells (b). Table C, EGFR
gene copy number values obtained by FISH
analysis have been reported.
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and are useful to explain cell response to the drug combi-
nation. In particular, increase in aneuploid population in
HT-29 (up to 30%) could cause resistance of these cells
to treatment. Even if the combination induces increase in
G0–G1 phase percentage in both sub-populations, the
same combination determines appearance of a percentage
of aneuploid cells in G2–M phase. Thus, it is possible
that in HT-29 cells, there is an aneuploid population
which is more resistant or non-responsive to treatment;
cells proliferate in spite of administration of cetuximab
and trastuzumab, making the global anti-proliferative
effect no more than slight.

To explain the pharmacological response of cells
(growth inhibitory effect equal to 49.4% for Caco-2 and
31.7% for HT-29) to cetuximab and trastuzumab in
combination, we also analysed levels of EGFR and
HER-2 mRNAs. Interestingly, we found different results
between the two cell lines. Caco-2 cells we observed to
have a significant increase in mRNA levels, more than
doubled in the case of EGFR. This can be explained
considering mechanism of action of cetuximab, a mono-
clonal antibody which interacts specifically and exclu-
sively with domain III of the soluble extracellular region
of EGFR, partially occluding ligand binding region on
this domain, sterically preventing the receptor from
adopting the extended conformation required for dimer-
ization and inducing antibody-receptor internalization
and degradation (52–54). We hypothesize that this
downregulation of cell surface receptors could be
responsible for increase in EGFR mRNA levels we
observed after 48 h treatment, to express new EGFR
mRNA to replace degraded receptors. Increase in EGFR
mRNA after 48 h treatment corresponds to a slight
increase in EGFR protein, indicating that this time
period was enough to transcribe new mRNA, but that

translation to new protein was just beginning. This was
confirmed by low levels of activated form (p-EGFR),
which could be due to stabilization of remaining protein
induced by binding of antibody to the extracellular
domain of the receptor (23).

Cbl, a mammalian gene encoding several proteins
including E3 ubiquitin-protein ligase, is involved in cell
signalling and protein ubiquitination. After ubiquitina-
tion, many proteins, including EGFR, are targeted for
lysosomal degradation (55,56). Recent studies have
shown that HER-2 receptor downregulation induced by
trastuzumab also involves recruitment of Cbl proteins
and subsequent ubiquitination (57,58). In this way, we
can explain the compensatory increase also in HER-2
mRNA levels observed in Caco-2 cells after 48 h treat-
ment. Because increase in HER-2 mRNA was lower
than increase in EGFR mRNA, it is possible that it
started later and slowly and that, after 48 h, there was
not any synthesis or phosphorylation of new HER-2
protein.

With regard to HT-29 cells, we have shown that they
exhibited some resistance to treatment. This result can be
explained considering that they are wild type (WT) for
KRAS, as are Caco-2 cells, but carry a BRAF V600E
mutation, which has been inversely associated with
response to therapy (resistance to cetuximab) (59). Sepa-
ration of colon cancer cell lines according to Ras/BRAF
mutation status explains a tendency for Ras/BRAF WT
cell lines to be more sensitive to cetuximab compared to
Ras/BRAF mutant lines (41).

We have shown that HT-29 cells expressed more
EGFR and HER-2 mRNAs than Caco-2 cells under
basal conditions. Upon ligand binding, EGFR is inter-
nalized and trafficked to endosomes for recycling to
the cell surface or degradation in lysosomes (60).

(a) (b)

Figure 8. Dual colour FISH assay for
probes of HER-2 (red) and chromosome 17
a-centromeric (CEN-17, green) for Caco-2
(a) and HT-29 cells (b). Table C, EGFR
gene copy number values obtained by FISH
analysis have been reported.
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Cetuximab and trastuzumab induce receptor internaliza-
tion and degradation (52,53,56,57). In our model, the
resulting increase in mRNA levels after 6 h treatment
could be explained through the immediate loss of recep-
tors on the cell surface after treatment. On the other
hand, it has been reported that combinations of antibod-
ies directed against EGFR domain III induce receptor
downregulation of up to 80% with half-life of 0.5–5 h
(22). Prolonged treatment for 24 and 48 h with the same
drugs again induces receptor internalization and degra-
dation, so after 48 h we observed EGFR mRNA return
to normal and HER-2 mRNA had reduced by half. The
state of mRNAs we observed was responsible for
expression of corresponding proteins after combined
treatment. After 48 h, new EGFR protein had been syn-
thesized, deriving from increased mRNA level after 6 h,
no activated form being already present. The status of
HER-2 mRNA was similar to that of EGFR mRNA, but
was less accentuated; increase in HER-2 expression was
absent and there was no activation of its protein after
48 h treatment.

Finally, differences in sensitivity to cetuximab and
trastuzumab between the two cell lines expressing wild-
type EGFR and HER-2 in this study was not due to dif-
ferences in gene copy number, given that we found
identical increases in EGFR and HER-2 copy numbers
in both cell lines.

In conclusion, there is pressing need to elucidate
molecular mechanisms involved in activity of the cetux-
imab and trastuzumab combination to understand and
improve its pharmacological efficacy. In this article, we
demonstrated that it participated in inhibition of tumour
cell population growth by different pathways. These
observations may have important clinical implications
for development of new therapeutic strategies based on
the combination of antibodies directed against EGFR
and HER-2.
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