
Abstract. Background: The combination of irinotecan, a
topoisomerase I inhibitor with cetuximab, an antibody
against epidermal growth factor receptor, produces
synergistic and beneficial effects in patients with irinotecan-
refractory colorectal cancer. Our hypothesis was that
synergistic effects could be due to anti-angiogenesis and
anti-invasion, but not to cytotoxicity. Materials and Methods:
Cytotoxicity was assessed by viability test and flow
cytometry. Anti-angiogenesis, anti-invasion were studied by
the endothelial cell capillary-like network formation and
transmigration through an extracellular matrix. Protein
kinase B (PKB, frequently cited as AKT), and extracellular
signal-regulated kinases (ERK) activation was assayed by
cell-based enzyme-linked immunosorbent assay (ELISA).
Results: Combinations of SN-38 (the active of irinotecan)
and cetuximab did not induce any synergistic cytotoxicity
confirmed by viability test and cell-cycle analyses.
Interestingly, their combination produced synergistic anti-
angiogenesis and anti-invasion activities revealed by
endothelial cell capillary-like network formation and cell
invasion tests. Subsequently, their combination attenuated
either expression or phosphorylation of AKT and ERK1/2

using cell-based ELISA. Conclusion: SN-38/cetuximab
combination has synergistic anti-angiogenesis and anti-
invasion activities mediated by down-regulation of
phosphatidylinositol-3-kinases/AKT and mitogen-activated
protein kinase/ERK pathways.

Colorectal cancer (CRC) is one of the most common tumors
and the leading cause of cancer death in Europe, United
States and, more generally, worldwide (1-3). Frequently,
CRC overexpresses the epidermal growth factor receptor
(EGFR), whose expression correlates positively with disease
aggressiveness and inversely with prognosis (4); thus
indicating EGFR as a therapeutic target in CRC. The first
molecule to be used for this approach was cetuximab, a
monoclonal antibody against EGFR that received US Food
and Drug Administration approval in 2004 for the treatment
of metastatic CRC (5). On the other hand, irinotecan has
improved the efficacy of treatment based on the 5-
fluorouracil/folinic acid (5-FU/FA) combination from 10-
25% up to 50% for response rate, and from 10 to 20 months
for median survival of patients with unresectable advanced
CRC. Despite the clinical improvements attributed to the
administration of irinotecan therapy for metastatic CRC,
disease in most patients becomes refractory to this agent (6).
Two large multi-centre clinical trials (BOND and MABEL
studies) demonstrated that the association of cetuximab with
irinotecan had synergistic effects on CRC refractory
compared to irinotecan alone (7, 8). However, the
mechanism of action is not well-understood. 

Irinotecan is a prodrug bio-activated into the major toxic
metabolite SN-38 (7-ethyl-10-hydroxy-camptothecin). SN-
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38 acts both as a potent inhibitor of topoisomerase I, and as
an efficient anti-angiogenic agent (9, 10). Cetuximab is a
peptide, it cannot diffuse into the extravascular tissues (5)
and has been found to display a weak cytotoxicity. Like SN-
38, cetuximab has been reported to have anti-angiogenic
activity in vitro (11-13). We tested whether synergistic effect
of their combination is due to anti-angiogenesis and anti-
invasion activities, rather than cytotoxicity, using EA.hy926
endothelial cells, HCT-116/BV colon cancer cells and SN-
38 resistant HCT-116/SN-38 cells.

Materials and Methods
Cell lines. The colon carcinoma cell line HCT-116/BV and its SN-
38-resistant derivative HCT-116/SN-38 were obtained from the
Laboratory of Cancer Biology and Therapeutics, Inserm U.893,
Paris, France. The HCT-116/SN-38 cell line was established in vitro
from the HCT-116/BV parental cell line by consecutive exposure to
SN-38 beginning at 0.005 μM, followed by treatment of the
surviving cells for an extended period in gradually increasing
concentrations peaking at 0.04 μM. Resistance was maintained by
addition of SN-38 at 0.04 μM for one week every month. HCT-116
cell lines were maintained in McCoy’s 5A medium containing 10%
foetal bovine serum (FBS), 5 mM glutamine, 100 units/ml penicillin
and 100 μg/ml streptomycin. 

The immortalized endothelial cell line EA.hy926 was kindly given
by Dr. Guy Chabot (Chemical, Genetic and Imaging Pharmacology
Laboratory, Inserm U1022, Paris, France). The EA.hy926 cell line is
derived from the fusion of human umbilical vein endothelial cells
(HUVECs) with the A549 permanent human lung adenocarcinoma
cell line (14). The EA.hy926 is considered to be one of the best
available immortalized HUVEC cell lines and has, therefore, been
used for studies of angiogenesis in vitro (15). The EA.hy926 cells
were maintained in Dulbecco's modified Eagle’s medium (DMEM)-
GlutaMax I medium supplemented with 10% FBS, 100 units/ml
penicillin and 100 μg/ml streptomycin. All cell lines were cultured in
a humidified atmosphere of 95% air and 5% CO2 at 37˚C. Under
these conditions, doubling times were 14.8±0.8 h for HCT-116/BV,
24.1±0.2 h for HCT-116/SN-38, and 25.0±1.8 h for EA.hy926.

Chemicals. Cetuximab (Erbitux, 2 g/ml) was obtained from Merck
KGaA (Darmstadt, Germany), and was diluted in culture medium
shortly before use. SN-38, kindly provided by Pfizer Inc. (Groton,
Connecticut, USA), was dissolved in dimethyl sulfoxide (DMSO)
at 5 mM and stored at –20˚C. For use, SN-38 was diluted in DMSO
and culture medium. The final concentration of DMSO in culture
medium did not exceed 1%. Recombinant human EGF and 165-
isoform vascular endothelial growth factor (VEGF165) were obtained
from Sigma-Aldrich Chimie (Lyon, France) and ImmunoTools
GmbH (Friesoythe, Germany), respectively.

Antibodies directed against protein kinase B (PKB, frequently
cited as AKT), ser473-phosphorylated AKT (p-AKT), p42/44
mitogen-activated protein kinase (MAPK, also called ERK1/2) and
Thr202/Tyr204-phosphorylated p42/p44 MAPK (p-MARK, also
called p-ERK1/2) were obtained from Cell Signaling Technology
Inc. (Ozyme, France).  Horseradish peroxidase-conjugated goat anti-
mouse and anti-rabbit antibodies (GE Healthcare Europe GmbH,
Velizy-Villacoublay, France) were used as secondary antibodies. All
other reagents were obtained from Sigma-Aldrich Chimie.

Viability assay. Cell survival was determined by measuring the
mitochondrial-dependent reduction of [3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
inner salt (MTS) with a commercial assay (CellTiter 96® AQueous;
Promega, Madison, Wisconsin, USA).  Briefly, 5×103 cells/well
were seeded in 96-well plates. In each plate, three wells containing
untreated cells were used as controls, three wells containing medium
without cells were used as blanks to correct the control values and
11 rows containing cells were exposed to a series of concentrations
of drug. Twenty-four hours after plating, the test compound was
applied (in triplicate) in a volume of 100 μl/well and the samples
incubated for 24, 48 or 72 h. After the exposure period, 20 μl of
MTS was added to each well and absorbance was read at 490 nm
using a VERSAmax microplate reader (Molecular Devices Corp.,
Sunnyvale, California, USA). Viability was quantified as a
percentage of the absorbance determined for the vehicle control
using Softmax Pro 4.7.1 software (Molecular Devices Corp.). The
specific effect of cetuximab was obtained by subtracting the
nonspecific effect of IgG isotypes used at the same concentration.
The 50% inhibitory concentration (IC50), defined as the drug
concentration that reduces cell viability by 50%, was determined
using GraphPad Prism software (La Jolla, California, USA).
Resistance ratio values were obtained by dividing the IC50 values
of the resistant cell line by that of the parental cell line of the
control. Results are presented as means±SEM of three independent
experiments, each run in triplicate.

Cell-cycle analysis. HCT-116/BV and HCT-116/SN-38 colon
cancer cells were seeded in 6-well plates at 2×105 cells/well in 4
ml of standard medium. After 1 day, the cells were exposed to
cetuximab, SN-38 or both for 24 h. Floating and adherent cells
were harvested, washed twice in ice-cold PBS buffer (pH 7.4),
fixed in 1 ml of 70% ethanol at –20˚C overnight and then washed
once again in ice-cold PBS buffer. Pellets were re-suspended in
PBS buffer containing 1 mg/ml RNase, and 0.01% NP40. The
cellular DNA was stained with 50 μg/ml propidium iodide (Sigma-
Aldrich Chimie). Cells were stored on ice for 30 min in the dark.
Cell-cycle analysis was performed using a FACScan flow cytometer
(Becton Dickinson, San Jose, California, USA) and data were
interpreted using WinMDI 2.9 software (The Scripps Research
Institute, La Jolla, California, USA).

Cell invasion assay. The invasive and metastatic potential of cell
lines was tested by transmigration through an extracellular matrix
(ECM) by a modified version of the method of Zhou et al. (16). In
brief, the upper surface of the matrix in 24-well Matrigel invasion
chamber plates (BD BioCoat™ Matrigel™ Chamber, BD
Biosciences, San Jose, California, USA) was loaded with 2.5 or
5×104 cells in 500 μl of the standard medium for EA.hy926 or
HCT-116 cells, respectively (cell numbers established by
preliminary experiments). After 24 h, medium containing 1% FBS
was used on both the lower and upper surfaces. One day later, the
medium of the upper surface was replaced with 500 μl medium
containing 1% FBS without other additional agents. The medium on
the lower surface was replaced with medium containing 1% FBS
supplemented with 0.002 (for EA.hy926) or 0.001 (for HCT-116)
μM human VEGF. To analyse the effects, SN-38, cetuximab or their
combination were added to both lower and upper wells. After 24 h
of incubation, the non-invasive cells that remained within the inserts
were removed with a cotton swab. Cells that traversed through the
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Matrigel and the polycarbonate filter attached to the lower surface
were stained with crystal violet. Cells were visualized and
photographed with a Leica DMIL microscope (Leica Microsystems,
Wetzlar, Germany) coupled to a Nikon COOLPIX 4500 digital
camera (Nikon Instruments, Amsterdam, the Netherlands). The
photographs were used to count invasive cells. All values reported
are based on the results of three independent experiments.

EA.hy926 cell capillary-like network formation. Matrigel (BD
Biosciences, Le Pont De Claix, France) was applied at 50 μl/well
to each well of a 96-well plate and incubated for 30 min at 37˚C.
The EA.hy926 cells (5×104 cells/well) were suspended in 200 μl of
their standard medium, pre-treated with vehicle, SN-38, cetuximab
or their combination for 15 min, plated onto the gel matrix and
incubated at 37˚C (cell number and incubation time established by
preliminary tests). After 24 h, the EA.hy926 capillary-like network
was visualized and photographed, as described above. The results
reported are from two independent experiments, each run in
duplicate.

AKT/p-AKT and ERK/p-ERK assays using cell-based enzyme-linked
immunosorbent assay (ELISA). The effects of SN-38, cetuximab and
their combination on PI3K/AKT and MAPK/ERK signaling
pathways were studied by cell-based ELISA using a modified,
previously described, protocol (17). To summarize, 104 HCT-
116/SN-38 cells or EA.hy926 cells were seeded in duplicate into
96-well plates in 200 μl their standard medium. After 1 day, the
cells were exposed to cetuximab (20 or 100 μg/ml) or to SN-38
(0.04 μM or 3.6 μM) in the presence or in the absence of cetuximab
(at 100 μg/ml) for 24 h, and were then stimulated with EGF at a
final concentration of 50 ng/ml for 20 min. The cells were
subsequently washed in ice-cold PBS buffer supplemented with 
5 mM of sodium fluoride, 1 mM of sodium orthovanadate and 
0.2 mg/ml of 4-(2-aminoethyl) benzenesulfonyl fluoride
hydrochloride, then fixed with 100 μl methanol at –20˚C for 10 min.
The cells were next permeabilised by incubation in 0.5% Triton 
X-100 in PBS buffer for 15 min, and washed twice with PBS buffer.
Non-specific sites were blocked with 3% bovine serum albumin
(BSA) in PBS buffer supplemented with 0.2% Tween 20 for 30 min.
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Figure 1. Cell-cycle analysis of HCT-116/BV and HCT-116/SN-38 colon cancer cells. Cells exposed to SN-38 (at 0.01 or 0.04 μM), cetuximab (Cet
at 100 μg/ml) or their combination for 24 h were analyzed with a FACScan flow cytometer. A: Left panel. Distribution of HCT-116/BV cells in the
cell cycle. Right panel. Percentage of cells in the various phases in the presence and absence of SN-38, cetuximab (Cet), or their combination. B:
Left panel. Distribution of HCT-116/SN-38 cells in the cell cycle. Right panel. Percentage of cells in the various phases in the presence and absence
of SN-38, cetuximab or their combination. 
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The cells were incubated overnight at 4˚C with one of the following
antibodies diluted 1/500: anti-AKT mouse monoclonal antibody,
rabbit polyclonal antibody to p-AKT, rabbit polyclonal antibody to
ERK1/2 or mouse monoclonal antibody to p-ERK1/2. 

The following day, the cells were washed three times with PBS
buffer/Triton for 5 min and incubated with appropriate horseradish
peroxidase-conjugated secondary antibody in PBS buffer/Tween 20
with 3% BSA for 1 h at room temperature. They were next washed

three times with PBS buffer/Tween 20 for 5 min and twice with PBS
buffer. The samples were incubated with 100 μl of 3,3’,5,5’-
tetramethylbenzidine (a horseradish peroxidase substrate) for 15-30 min
at room temperature in the dark. The reaction was stopped with 100 μl
of 0.5M H2SO4. Finally, the absorbance was measured at 450 nm with
a VERSAmax microplate reader (Molecular Devices Corp.). The results
presented are the means±SEM of three independent experiments, each
run in duplicate.
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Figure 3. Effect of SN-38, cetuximab and their combination on capillary-like network formation by EA.hy926 cells. After 24 h of incubation in wells
coated with 50 μl of Matrigel (BD-Biosciences), untreated EA.hy926 endothelial cells formed a dense, regular network with long, wide branches
(upper panel). SN-38 (at 0.01; 0.015 or 0.02 μM) and cetuximab (Cet, at 5; 10 or 20 μg/ml) inhibited, in a concentration-dependent manner, the
formation of this endothelial network leading to a pattern of broken networks, small branches, dispersed cells or cells in clusters. SN-38 and
cetuximab combinations dramatically inhibited the endothelial cell network formation (lower panel).



Statistical analysis. All results are expressed as means±SEM of at
least three independent experiments. Means were compared with
Student’s t-test for unpaired data using GraphPad Prism software
version 3.02. A p-value of 0.05 or less was considered as significant.

Results

Viability assay. Cell survival was determined using MTS test
in EA.hy926 endothelial cells, HCT-116 human colorectal
cancer cells and its SN-38-resistant derivative HCT-116/SN-38.

The SN-38 resistance ratio between HCT-116/SN-38 and
HCT-116/BV was 14.0 at 24 h, 8.4 at 48 h, and 2.5 at 72 h
(Table I). These results are consistent with previous reports
(18) and confirm that the HCT-116/SN-38 cell line is
resistant to SN-38. 

Cetuximab alone, used at therapeutic concentrations (from
50 to 150 μg/ml) weakly inhibited the proliferation of both
colon cancer cell lines by less than 10% (data not shown).
SN-38 alone, displayed potent cytotoxicity against all cell
lines, which is in agreement with previous observations (18).

In combination with cetuximab at 100 μg/ml, the IC50 of
SN-38 in HCT-116/SN-38 cells was not significantly modified
(>0.05). Thus, cetuximab did not increase SN-38 cytotoxicity
towards EA.hy926 cells. The IC50 of SN-38 alone and in
combinations with cetuximab was determined (Table I).

Cell-cycle analysis. The HCT-116/BV cell population was
distributed into four phases: Sub-G1: 0.9%, G1: 41.3%, S:
29.2% and G2/M: 28.4% of the population (Figure 1). SN-
38 (0.01 μM) caused a major blockage of cells in the G2/M
phase (70.3%) and apoptosis in the sub-G1 phase (4.7%).
However, cetuximab alone at 100 μg/ml did not induce a
detectable effect. Cetuximab also did not change the effect
of SN-38 on the cell-cycle of HCT-116/BV, with 78.4% of
the cell population in G2/M and 3.9% in sub-G1 (Figure 1A).

The HCT-116/SN-38 cell population was distributed
among the same four phases: Sub-G1: 8.8%, G1: 27.7%, S:
25.2% and G2/M: 37.0%. SN-38 (0.04 μM) also produced a
blockage in G2/M phase (45.3%) and apoptosis (17.7%). On
the other hand, cetuximab at 100 μg/ml did not have any
detectable effect on the cell-cycle for HCT-116/SN-38 cells
and the SN-38/cetuximab combination caused a stronger
blockage in the G2/M phase (55.4%), but less apoptosis
(10.0%) than SN-38 monotherapy (Figure 1B).

Effect of SN-38, cetuximab and their combination on cell
invasion. Because cell invasion test predicts anti-metastatic
and anti-angiogenic effects of the molecules tested, we
studied effect of SN-38, cetuximab and their combination on
EA.hy926 endothelial and HCT-116 colon cancer cells. 

HCT-116/SN-38 cells were 22-fold more invasive than
HCT-116/BV cells (198±64 versus 9±4 cells/image,
respectively; p<0.05), and both were less invasive than

EA.hy926 cells (807±164 cells/image; p<0.05 and p<0.01 for
HCT-116/SN-38 and HCT-116/BV, respectively) (Figure 2A).

SN-38 inhibited the invasiveness of EA.hy926 cells in a
concentration-dependent manner (Figure 2A and B).
Cetuximab at 20 μg/ml did not affect the invasive capacity
of EA.hy926, but at 100 μg/ml, it inhibited EA.hy926
invasion by 23.9%. The combination of SN-38 (0.03 μM)
and cetuximab (100 μg/ml) had significantly more effect
than both SN-38 and cetuximab alone (p<0.05 and p<0.01,
respectively). 

Both SN-38 and cetuximab inhibited HCT-116/SN-38 cell
invasion in a concentration-dependent manner (Figure 2A
and C). Cell invasion was more strongly inhibited by the
combination of SN-38 (0.02 μM) and cetuximab (20 μg/ml)
than by both SN-38 and cetuximab alone (p<0.05 for both
products).

Effect of SN-38, cetuximab and their combination on
capillary-like network formation by EA.hy926 cells.
Untreated EA.hy926 cells formed a dense, regular network
with long, wide branches (Figure 3). SN-38 and cetuximab
alone each inhibited network formation in dose-dependent
manner, resulting in images of broken networks, small
branches, dispersed cells or cells in clusters. These
observations are consistent with previous reports (10-13).
The SN-38 and cetuximab combination demonstrated much
stronger inhibition of the formation of capillary-like
networks (Figure 3).

Effects of SN-38, cetuximab and their combination on
PI3K/AKT and MAPK/ERK pathways. Previous work has
suggested that combination of SN-38 with gefitinib, an
EGFR inhibitor, can modulate EGFR signaling, but not
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Table I. Cytotoxicity of SN-38 on EA.hy926 endothelial cells and HCT-
116 colon cancer cells.

Cell line Ceta IC50 of SN-38 (μM)

24 h 48 h 72 h

EA.hy926 − 0.223±0.012 0.058±0.007 0.030±0.003
+ 0.287±0.047 0.051±0.003 0.028±0.001

%b −28.5 (NS) 11.9 (NS) 6.0 (NS)
HCT-116/BV − 0.267±0.008 0.090±0.006 0.053±0.001
HCT-116/SN-38 − 3.735±0.295 0.754±0.015 0.135±0.003

+ 3.041±0.403 0.647±0.045 0.131±0.017
%b 18.6 (NS) 14.1 (NS) 3.1 (NS)

aCombination with 100 μg/ml cetuximab, bchange (%) in the IC50 of
SN-38 in combination with 100 μg/ml cetuximab and the corresponding
treatment with the single drug. NS: Non-significant difference between
the IC50 of SN-38 alone and SN-38 in combination with 100 μg/ml
cetuximab.



topoisomerase I pathway (19). We, therefore, evaluated the
effects of SN-38, cetuximab and their combination on AKT
and ERK1/2 and their active forms (phosphorylated AKT
and ERK1/2) as key steps in EGFR signalling.

Effects on HCT-116/SN-38 cells: SN-38 and cetuximab
alone reduced both AKT and ERK1/2 expression in a
concentration-dependent manner. AKT expression was more
strongly inhibited by the SN-38 (3.6 μM) and cetuximab
(100 μg/ml) combination than by each of them alone (81.0%
versus 44.5% and 30.2%, respectively; p<0.001 for both
products) (Figure 4A).

SN-38 and cetuximab also inhibited phosphorylation of
AKT and ERK1/2, in a concentration-dependent manner. SN-
38 (3.6 μM) or cetuximab (100 μg/ml) alone inhibited ERK1/2
phosphorylation by 77.3% and 39.0%, respectively, while their
combination completely inhibited ERK1/2 phosphorylation
(p<0.01 and p<0.001, respectively) (Figure 4A).

Effects on EA.hy926 cells: SN-38 inhibited both AKT and
ERK1/2 expression in a concentration-dependent manner;
whereas cetuximab did not affect AKT and ERK1/2 expressions
at any tested concentration. SN-38 and cetuximab combination
significantly inhibited ERK1/2 expression by 57.3% versus
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Figure 4. Effect of SN-38, cetuximab and their combination on phosphatidylinositol-3-kinases/protein kinase B (PI3K/AKT) and mitogen-activated
protein kinase/extracellular-signal-regulated kinases (MAPK/ERK) pathways in HCT-116/SN-38 (A) and EA.hy926 (B) cells. The key proteins in the
signalling of EGFR including AKT, phosphorylated AKT (p-AKT), ERK and phosphorylated ERK (p-ERK) were assayed using a cell-based enzyme-
linked immunosorbent assay test. Cells were tested with or without SN-38 (at 0.04 or 3.6 μM), cetuximab (at 20 or 100 μg/ml) or their combinations.
Cont: Control; Cet: cetuximab; *p<0.05; **p<0.01; ***p<0.001 versus the corresponding cetuximab concentration. #p<0.05; ##p<0.01; ###p<0.001
versus the corresponding SN-38 concentration.



46.0% and 0.0% for SN-38 (3.6 μM) and cetuximab (100 μg/ml)
alone (p<0.05 and p<0.001, respectively) (Figure 4B).

SN-38 (3.6 μM) and cetuximab (100 μg/ml) reduced AKT
phosphorylation by 44.7% and 31.5%, respectively. This is
significantly lower than the AKT phosphorylation observed
with their combination (67.0%, p<0.05 for each product
alone) (Figure 4B).

Discussion

The addition of irinotecan to 5-FU/FA combination has
dramatically improved the efficacy of the latter in the CRC
treatment. However, resistance was observed early in almost
all patients with colon cancer (6, 20). Interestingly, the
combination of irinotecan with cetuximab results in a
synergistic anticancer effect in patients with Irinotecan-
resistant CRC (7, 8). We herein report a pre-clinical study
devoted to how SN-38 (the active metabolite of irinotecan)
and cetuximab produce a synergistic effect.

We demonstrated that the cytotoxicity of the combination
was not greater than that of each component independently.
Analysis of the cell-cycle similarly showed that combining
SN-38 with cetuximab did not increase cytotoxicity.
Subsequently, SN-38 and cetuximab alone demonstrated
anti-angiogenic activities and effects on cell invasion, in a
concentration-dependent manner according to previous work
(10, 11, 13, 21, 22). The combination of the two drugs
resulted in synergistic effects on angiogenesis and cell
invasion. Using based-cell ELISA to study the molecular
mechanism of action, we indicated that their combination
induced significantly stronger inhibition of AKT
phosphorylation and down-regulation of ERK1/2 expression
in EA.hy926 cells. For HCT-116/SN-38 colon cancer cells,
this combination also dramatically inhibited cell invasion
mediated by reduction of AKT expression and ERK1/2
phosphorylation in comparison with two compounds alone.

In conclusion, we report the first demonstration that: (i)
combination of SN-38 and cetuximab has in vitro synergistic
anti-angiogenic and anti-invasive effects, but does not show
any cytotoxicity; (ii) the observed effects result from down-
regulation of PI3K/AKT and MAPK/ERK pathways; and
(iii) our new finding partially explain the synergistic effect
observed by using a combination of irinotecan and
cetuximab in colon cancer treatment. 
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