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Abstract. Cetuximab is a monoclonal antibody developed 
to inhibit the binding of growth factors and the subsequent 
activation of epidermal growth factor receptor (EGFR). 
Triple‑negative breast cancer (TNBC) is resistant to 
cetuximab treatment. The aim of the present study was to 
examine the partial agonistic properties of cetuximab, which 
not only blocks ligand binding, but also partially triggers 
EGFR activation, which may lead to cetuximab resistance 
in TNBC. The phosphorylation of growth factor receptors 
and their signalling pathways were evaluated by determining 
the phosphorylation of EGFR, insulin‑like growth factor 
receptor (IGF‑1R), vascular endothelial growth factor 
receptor (VEGFR)‑2, Src kinase, phosphoinositide‑3‑kinase 
(PI3K), extracellular signal‑regulated kinase (ERK1/2) 
and serine/threonine‑specific protein kinase (Akt) and the 
degradation of EGFR, and by assessing the morphology 
and proliferation of MDA‑MB‑231 and MDA‑MB‑468 
cells. Cetuximab treatment led to the phosphorylation of 
EGFR, VEGFR‑2, IGF‑1R and downstream signalling 

molecules, Src kinase and PI3K in these cells, as well as 
Akt in the MDA‑MB‑231 cells. The cetuximab‑mediated 
phosphorylation of IGF‑1R, VEGFR‑2 and Akt was inhibited 
by the EGFR kinase inhibitor, AG1478, and the Src kinase 
inhibitor, PP2. Cetuximab treatment led to the degradation of 
EGFR. The cetuximab‑induced phosphorylation and EGFR 
degradation were less prominent compared with those induced 
by EGF. Cetuximab partially inhibited EGF‑mediated 
responses. Cetuximab, similar with EGF, altered cellular 
morphology in a serum‑free medium. In both cell lines, 
the Src kinase inhibitor enhanced the cetuximab‑induced 
anti‑proliferative response. These results indicate that 
cetuximab exerts a partial agonistic effect on EGFR, which 
activates Src kinase and subsequently transactivates IGF‑1R 
and VEGFR‑2. This partial agonistic property is likely one 
of the mechanisms underlying the resistance of TNBC to 
cetuximab.

Introduction

Epidermal growth factor (EGF) receptor (EGFR) is a receptor 
tyrosine kinase (RTK) and a member of the ErbB family. 
EGFR agonists, such as EGF, transforming growth factor‑α and 
epiregulin, bind to the extracellular domain of EGFR and cause 
the homodimerization or heterodimerization of Erb family 
receptors, which leads to the phosphorylation of intracellular 
EGFR sites, such as the Tyr1173 and Tyr1068 residues. The 
phosphorylation of these sites activates signalling pathways, 
such as the RAS/mitogen‑activated protein kinase (MAPK), 
phosphoinositide‑3‑kinase (PI3K)/serine/threonine‑specific 
protein kinase (Akt) and Janus kinase/signal transducer 
and activator of transcription (Jak/Stat) pathways (1‑5). The 
activation of these pathways mediates cellular proliferation 
and transformation, which may cause cancer occurrence, 
growth, invasion and metastasis.

Triple‑negative breast cancer (TNBC) does not express 
human epidermal growth factor receptor type (HER)2, 
progesterone receptor (PR) or oestrogen receptor (ER), 
but does express EGFR (6,7). There is evidence that EGFR 
overexpression is associated with an aggressive phenotype 
and a poor clinical outcome in breast cancers, including 
TNBC (8‑12).
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Therefore, blocking the EGFR‑mediated signalling 
pathway is a therapeutic target for treating EGFR‑expressing 
cancer types, such as TNBC. Cetuximab (CTX) was developed 
to bind to the extracellular domain of EGFR, which blocks the 
binding of EGF and inhibits the subsequent phosphorylation 
and activation of EGFR and downstream signalling pathways, 
such as RAS/MAPK, PI3K/Akt and Jak/Stat (13‑15). CTX 
has been used in the treatment of metastatic colorectal 
cancer and head and neck squamous cell carcinoma, both 
as monotherapy and in combination with chemotherapy and 
radiotherapy (14,16).

However, certain types of cancer, such as TNBC and lung 
and colon cancer are resistant to CTX treatment (4,16,17). 
Primary and acquired resistance to anti‑EGFR treatment 
has been described  (4), with several studies reporting 
that genetic alterations in key regulators, such as KRAS, 
BRAF, phosphatase and tensin homologue (PTEN) and 
phosphoinositide‑3‑kinase, catalytic subunit α (PIK3CA), in 
the signalling pathways of RTKs are an important mechanism 
underlying resistance to anti‑EGFR treatment  (4,6,17‑20). 
These alterations lead to the activation of RAS/MAPK and 
PI3K/Akt, independently of the activation status of growth 
factor receptors. As a result, the blocking of EGFR by 
antibodies or tyrosine kinase inhibitors becomes ineffective 
in shutting down these signalling pathways. TNBC cells, such 
as MDA‑MB‑231, harbour mutations in KRAS and BRAF, 
whereas MDA‑MB‑468 cells do not have the Akt signalling 
pathway‑inhibiting gene, PTEN, as a tumour suppressor (21). 
Hence, these cell lines often exhibit resistance to anti‑EGFR 
treatment. However, the mutations in KRAS, BRAF, PTEN 
and PIK3CA cannot fully explain this resistance, since it 
is also observed in wild‑type breast and colon cancer cells, 
which do not harbour these mutations (20,22).

The ligands of RTKs possess partial agonist properties, 
which cause homo‑ or heterodimer formation and, 
subsequently, receptor phosphorylation and activation (23). 
Some antibodies directed against RTKs to block the binding 
of growth factors may also act as partial agonists (24‑26). One 
study evaluating the targeting strategies of RTKs emphasised 
that the binding of an antibody with partial agonist properties 
to the receptor may cause phosphorylation, which triggers the 
ubiquitination and degradation of the receptor, resulting in 
irreversible antagonism of the RTK (26), the inhibition of the 
malignant response and cell proliferation, which may lead to a 
significant anticancer response in cancer cells.

On the other hand, the partial agonistic action of an 
antibody on the RTK may induce the phosphorylation of 
receptor tyrosine residues, activating PI3K/Akt, RAS/MAPK 
and PLCγ/PKC, similar to EGF or a full agonist. Therefore, 
a partial agonist antibody may lead to RTK activation, 
which may cause resistance to this antibody in cancer 
cells. For example, trastuzumab binds to ErbB2, induces 
phosphorylation and exerts an agonistic effect on this 
receptor  (27‑29). Yoshida  et  al  (30) demonstrated that 
matuzumab and CTX activated EGFR by inducing the 
phosphorylation of the Tyr845, Tyr1068 and Tyr1173 residues 
in the non‑small‑cell lung cancer cell lines, H292 and H460. 
Similarly, Raben et al (31) observed that CTX induced the 
phosphorylation of the Tyr845, Tyr992 and Tyr1068 residues 
of EGFR in H322 and H292 cells. Furthermore, CTX 

treatment has been shown to enhance the phosphorylation 
of EGFR Tyr845 residues in MDA‑MB‑231 cells  (32) and 
Tyr1068 in MDA‑MB‑468 cells (33).

The aim of the present study was to examine the partial 
agonistic effect of CTX on EGFR in the TNBC cell lines, 
MDA‑MB‑231 and MDA‑MB‑468. For this purpose, by 
treating TNBC cells with EGF or CTX, we measured the 
phosphorylation levels of EGFR (Tyr1173), PI3K, Akt, 
extracellular signal‑regulated kinase (ERK)1/2 and Src 
kinase, the cellular level of EGFR and cellular morphology, 
using impedance measurement as an indication of RTK 
activity. Since the agonistic action on EGFR may lead to 
the transactivation or cross‑activation of insulin‑like growth 
factor receptor (IGF‑1R) and vascular endothelial growth 
factor receptor (VEGFR)‑2 (34,35), the phosphorylation status 
of these receptors with CTX or EGF treatment of TNBC cells 
was also determined. Finally, the anti‑proliferative response of 
the cells to CTX was evaluated in the presence or absence of 
the Src kinase inhibitor, PP2, which inhibits the partial agonist 
action of CTX on EGFR.

Materials and methods

Reagen t s  a n d  a n t i b o d ies.  T he  E GF R k i na se 
inhibitor, AG1478, the PI3K inhibitor, LY294002 
[2‑(4‑morpholinyl)‑8‑phenyl‑1(4H)‑benzopyran‑4‑one hydro-
chloride], the Src kinase inhibitor, PP2 [4‑amino‑3‑(4‑chlo
rophenyl)‑1‑(t‑butyl)‑1H‑pyrazolo[3,4‑d]pyrimidine], EGF 
and CTX were obtained from Sigma‑Aldrich, Merck KGaA 
(Darmstadt, Germany). The antibodies used were as follows 
(dilution, catalogue number, host and clonality used for western 
blot analysis): p‑VEGFR‑2‑Tyr1175 (1:1,000, 3770, rabbit 
monoclonal), p‑Src‑Tyr416 (1:1,000, 2101, rabbit polyclonal) 
from Cell Signalling Technology, Inc., Danvers, MA, USA; 
p‑EGFR‑Tyr1173 (1:1,000, sc‑12351‑R, rabbit polyclonal), EGFR 
(1:1,000, sc‑53274, mouse monoclonal), p‑IGF‑1R‑Tyr1161 
(1:1,000, sc‑101703, rabbit polyclonal), p‑Erk1/2 (1:5,000, 
sc‑136521, mouse monoclonal), ERK1/2 (1:1,000, sc‑514302, 
mouse monoclonal), p‑Akt‑Ser473 (1:1,000, sc‑7985, rabbit 
polyclonal), Akt (1:1,000, sc‑8312, rabbit polyclonal), p‑PI3K 
(1:1,000, sc‑12929, goat polyclonal), GAPDH (1:5,000, 
sc‑47724, mouse monoclonal), mouse anti‑rabbit (1:10,000, 
sc‑2357), rabbit anti‑goat IgG‑HRP (1:10,000, sc‑2768) and 
donkey anti‑mouse IgG‑HRP (1:10,000, sc‑2314) all from Santa 
Cruz Biotechnology Inc. (Santa Cruz, CA, USA). In all control 
experiments, the cells were incubated with the corresponding 
dilution of solvent used for the ligand.

Cell culture, treatments, protein isolation and western blot 
analysis. The MDA MB 231 and MDA MB 468 TNBC 
cell lines, which are negative for ER, PR and HER2, but 
positive for EGFR, were employed in this study. The cell 
lines were obtained from the American Type Culture 
Collection (Manassas, VA, USA). The MDA‑MB‑231 and 
MDA‑MB‑468 cells were grown in 75‑cm2 non‑treated cell 
culture flasks (Corning, Tewksbury, MA, USA) in Dulbecco's 
modified Eagle's medium and Eagle's minimal essential 
medium, respectively, enriched with 10%  foetal bovine 
serum and 1% penicillin/streptomycin at 5% CO2, 37˚C, with 
90‑95% humidity. For each experiment, the cells (2.5x105 
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cells/well) were plated in 6‑well plates and treated with CTX 
(0.01, 0.1, 1, 10 or 100 nM) or EGF (1 nM) on the third day 
following overnight serum starvation. The concentration of 
ligands and the duration of cell treatment are specified in 
the results section. In some experiments, prior to CTX or 
EGF stimulation, the cells were pre‑treated with one of the 
following inhibitors: AG1478 (10 µM), LY294002 (10 µM) 
or PP2 (10 µM) for 30 min. Following stimulation, the cells 
were immediately placed on ice and washed with ice‑cold 
phosphate‑buffered saline and homogenised in 100 µl lysis 
buffer (Roche Molecular Diagnostics, Mannheim, Germany) 
containing 1% Nonidet P40, 0.02 M sodium orthovanadate 
and protease inhibitors. Following homogenization, the cells 
were incubated for 15 min and centrifuged at 5,000 x g for 
5 min at 4˚C. After collecting the supernatant, the protein 
concentration was determined using the Bradford protein 
assay and the samples were stored at ‑80˚C. Electrophoresis 
and western blot analysis were performed as previously 
described  (36). Band intensities were corrected against 
t‑ERK1/2, t‑AKT or GAPDH expression. As a control of the 
loading amount of protein, GAPDH bands were used and the 
band intensities of p‑EGFR, p‑IGF‑1R or p‑VEGFR‑2 were 
corrected against the GAPDH bands. The band intensities 
of EGFR, IGF‑1R and VEGFR‑2 were not used for the 
corrections, due to internalization and/or degradation of these 
receptors following ligand stimulation.

Real‑time cellular morphology and cell proliferation assay 
by impedance measurements. These assays were performed as 

previously described (37‑39), using the xCelligence Real‑Time 
Cell Analyzer (RTCA) DP system (ACEA Biosciences, 
Inc., San Diego, CA, USA). Briefly, the MDA‑MB‑231 or 
MDA‑MB‑468 cells (6,500 cells/well; E‑plate) were seeded 
into each well. Subsequently, the impedance of each well 
of the E‑plate was measured continuously for 20‑24 h at 
37˚C with 5%  CO2. For the cell proliferation assay, after 
the first 20‑24 h, CTX or EGF was added to the wells and 
the impedance measurement was recorded for 72‑96 h. For 
cellular morphology measurement, after the first 20‑24 h, the 
medium in each well was replaced with serum‑free medium 
and incubated for 4 h at 37˚C with 5% CO2. CTX or EGF 
was then added to the wells and impedance was recorded for 
24 h. The results were analysed using RTCA data analysis 
software 1.0 (ACEA Biosciences, Inc., San Diego, CA, USA).

Cell viability was also assessed by the WST‑1 proliferation 
assay according to the manufacturer's instructions (Roche 
Applied Science, Mannheim, Germany).

Statistical analysis. Data are reported as the means ± standard 
error of the mean, while ‘n’ represents the number of 
independent experiments for each indicated condition. The 
results were obtained from 4‑5 independent experiments. 
Statistical analysis was performed using SPSS 17.0 software 
for Windows (SPSS, Inc., Chicago, IL, USA). Comparisons 
between multiple groups were performed with one‑way 
analysis of variance followed by Tukey's post‑hoc test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Figure 1. Cetuximab leads to EGFR phosphorylation in MDA‑MB‑231 cells. Treatment of the cells with cetuximab (2 h) at concentrations of 0.01, 0.1, 1, 
10 and 100 nM (A) increased EGFR phosphorylation and (B) decreased EGFR levels. (C) CTX‑stimulated phosphorylation was observable after 10 min 
of incubation at the 100 nM concentration and persisted for 72 h in the MDA‑MB‑231 cells. Representative western blot bands for p‑EGFR and EGFR are 
presented along with two replicate bands for the control (indicated by ‘C’), and for the treatment groups as various concentrations of CTX (A and B) and for 
the treatment groups in different treatment periods with CTX (C). Since CTX decreases EGFR levels, GAPDH bands are presented as a control of the loading 
amount of protein. Band intensities were normalized to GAPDH and presented as a percentage of phosphate buffered saline‑treated control cells. Data are pre-
sented as the means ± standard error of the mean, n=4‑5 experiments. *P<0.05 vs. the control cells. CTX, cetuximab; EGFR, epidermal growth factor receptor.
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Results

CTX induces the phosphorylation of EGFR. The ligands 
that activate EGFR lead to the phosphorylation of the 
1173  tyrosine residue of the EGFR receptor  (5). CTX at 
concentrations of 0.01, 0.1, 1, 10 and 100 nM significantly 
increased the phosphorylation of the 1173 tyrosine residue 
of the EGFR receptor (Fig. 1A), similar to EGF (Fig. 2A). 

The CTX‑stimulated phosphorylation was observable after 
10 min of incubation at 100 nM and persisted for 72 h in 
the MDA‑MB‑231 cells (Fig. 1C). CTX also induced EGFR 
phosphorylation in the MDA‑MB‑468 TNBC cells (Fig. 2B).

CTX induces less prominent EGFR phosphorylation 
compared with EGF. CTX at a concentration of 100 nM [used 
as the maximum concentration, which is >200‑fold its Kd 

Figure 2. Cetuximab partially antagonizes the EGF‑stimulated phosphorylation of EGFR. Cetuximab (100 nM, 30 min) produced significantly less EGFR 
phosphorylation than EGF (1 nM, 30 min). Pre‑treatment of the cells with CTX (100 nM, 30 min) significantly, but not completely inhibited the EGF‑induced 
phosphorylation (1 nM, 30 min) of EGFR in (A) MDA‑MB‑231 and (B) MDA‑MB‑468. Representative western blot bands for p‑EGFR and EGFR are 
presented along with two replicate bands for the control (indicated by ‘C’), for the EGF treatment groups in (A), and for CTX in (B). Band intensities were 
normalized to GAPDH and presented as a percentage of phosphate buffered saline‑treated control cells. Data are presented as the means ± standard error 
of the mean, n=4‑5 experiments. *P<0.05 vs. the control cells; ≠P<0.05 vs. CTX; #P<0.05 vs. EGF. CTX, cetuximab; EGF, epidermal growth factor; EGFR, 
epidermal growth factor receptor.

Figure 3. Cetuximab causes the degradation of EGFR. EGF (1 nM, 2 h) and CTX (100 nM, 2 h) both reduced the EGFR level, but CTX has a significantly 
less prominent effect on the EGFR level than EGF. Pre‑treatment of the cells with CTX (100 nM, 30 min) significantly, but not completely inhibited the 
EGF‑induced degradation (1 nM, 2 h) of EGFR in the (A) MDA‑MB‑231 and (B) MDA‑MB‑468 cells. Representative western blot bands for EGFR are 
presented. Two replicate bands are presented for the control (indicated as ‘C’) and for the EGF treatment groups in (A). Band intensities are normalized to 
GAPDH and presented as a percentage of phosphate‑buffered saline‑treated control cells. Data are presented as the mean ± standard error of the mean, n=4‑5 
experiments. *P<0.05 vs. the control cells; ≠P<0.05 vs. CTX; #P<0.05 vs. EGF. CTX, cetuximab; EGF, epidermal growth factor; EGFR, epidermal growth 
factor receptor.
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(dissociation constant) of 0.39 nM and sufficient to saturate 
EGFR] produced significantly less EGFR phosphorylation 
compared with 1  nM EGF, a full agonist, in both the 
MDA‑MB‑231 (Fig. 2A) and MDA‑MB‑468 (Fig. 2B) cells.

CTX partially inhibits EGF‑mediated EGFR phosphorylation. 
It is well known that a partial agonist causes the incomplete inhi-
bition of the response induced by a full agonist. Accordingly, 
CTX (100 nM) incompletely inhibited EGF‑induced EGFR 
phosphorylation at the 1 nM EGF concentration in both the 
MDA‑MB‑231 (Fig. 2A) and MDA‑MB‑468 (Fig. 2B) cells.

CTX causes the degradation of EGFR and partially inhibits 
the EGF‑mediated degradation of EGFR. When measuring 
the EGFR levels following treatment of the cells with 
CTX (100 nM) or EGF (1 nM), a decreased level of EGFR 
was observed in the MDA‑MB‑231 (Figs. 1B and 3A) and 
MDA‑MB‑468 (Fig. 3B) cells. These results indicate that CTX 
functions like a partial agonist in the degradation of EGFR 
and, as expected, CTX reduces the EGFR levels to a lesser 
extent compared with EGF (Fig. 3). Furthermore, CTX only 
partially inhibited the EGF‑mediated decrease in EGFR levels 
(Fig. 3).

CTX triggers the EGFR downstream pathway. After observing 
Tyr1173 phosphorylation of EGFR with CTX, the downstream 
signalling of EGFR was investigated. In the MDA‑MB‑231 cells, 
CTX treatment significantly enhanced the phosphorylation of 
Src kinase, PI3K and Akt, but not ERK1/2 (Fig. 4A and B). 
The phosphorylation of Akt was antagonized by the Src kinase 

inhibitor, PP2, and the PI3K inhibitor, LY294002 (Fig. 4B). It 
was therefore deduced that the stimulation of EGFR by CTX 
activates Src kinase and PI3K, and causes the phosphorylation 
of Akt. The CTX‑mediated phosphorylation of PI3K and Akt 
was less prominent compared with that induced by EGF, and it 
also partially inhibited the EGF‑stimulated phosphorylation of 
PI3K and Akt in the MDA‑MB‑231 cells (Fig. 4C).

In the MDA‑MB‑468 cells, CTX also increased the 
phosphorylation of Src kinase and PI3K, but not that of Akt 
and ERK1/2 (Fig. 5A). The CTX‑mediated phosphorylation 
of PI3K was less prominent compared with that induced by 
EGF, and it also partially inhibited the EGF‑stimulated phos-
phorylation of PI3K in the MDA‑MB‑468 cells (Fig. 5B). 
These results indicate that the partial agonistic activity of 
CTX is observable in the EGFR downstream signalling 
pathway.

The possible reasons as to why CTX did not increase the 
basal phosphorylation of ERK1/2 in the MDA‑MB231 cells or 
the phosphorylation of ERK1/2 and Akt in the MDA‑MB‑468 
cells are addressed below in the Discussion.

CTX induces IGF‑1R and VEGFR‑2 phosphorylation. In the 
present study, the effects of CTX or EGF on the phosphoryla-
tion status of IGF‑1R and VEGFR‑2 were also evaluated. CTX 
and EGF induced the phosphorylation of both IGF‑1R and 
VEGFR‑2 in the MDA‑MB231 (Fig. 6) and MDA‑MB‑468 
(Fig. 7) cells. This induced phosphorylation was inhibited by 
the EGFR tyrosine kinase inhibitor, AG1478, and the Src kinase 
inhibitor, PP2, in both the MDA‑MB‑231 (Fig. 6A and B) and 
MDA‑MB‑468 (Fig. 7A and B) cells. These results suggest that 

Figure 4. Cetuximab triggers the downstream signalling of EGFR in MDA‑MB‑231 cells. (A and B) Cetuximab (100 nM, 30 min) induced the phosphorylation 
of Src kinase, PI3K and Akt, but not that of ERK1/2 in the MDA‑MB‑231 cells. (B) Pre‑treatment of cells with the PI3K inhibitor, LY294002 (10 µM, 30 min), 
or the Src kinase inhibitor, PP2 (10 µM, 30 min), significantly inhibited CTX‑induced Akt phosphorylation. (C) CTX produced significantly less Akt or PI3K 
phosphorylation than EGF did, while pre‑treatment of the cells with CTX (100 nM, 30 min) significantly, but not completely inhibited the EGF‑induced 
phosphorylation (1 nM, 30 min) of PI3K and Akt in the MDA‑MB‑231 cells. Representative western blot bands for p‑SRC, p‑PI3K, p‑Akt, p‑ERK1/2, Akt and 
GADPH are presented. Two replicate bands are presented for the control or for the CTX treatment groups in (A and B). The p‑Akt and p‑ERK1/2 band intensi-
ties are normalized to Akt and ERK1/2, respectively, and the p‑SRC and p‑PI3K band intensities are normalized to GADPH and presented as a percentage of 
phosphate‑buffered saline‑treated control cells. Data are presented as the means ± standard error of the mean, n=4‑5 experiments. *P<0.05 vs. control cells; 
≠P<0.05 vs. CTX; #P<0.05 vs. EGF. CTX, cetuximab; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor.
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Figure 5. Cetuximab triggers the downstream signalling of EGFR in MDA‑MB‑468 cells. (A and B) Cetuximab (100 nM, 30 min) induced the phosphorylation 
of Src kinase and PI3K, but not that of Akt or ERK1/2 in MDA‑MB‑468 cells. (B) CTX produced significantly less PI3K‑phosphorylation than EGF did, 
while pre‑treatment of the cells with CTX (100 nM, 30 min) significantly, but not completely inhibited the EGF‑induced phosphorylation (1 nM, 30 min) of 
PI3K in MDA‑MB‑468 cells. Representative western blot bands for pSrc, pPI3K, pAkt, pERK1/2, Akt and GADPH are presented. Two replicate bands are 
presented for CTX in (B). The p‑Akt and p‑ERK1/2 band intensities are normalized to Akt and ERK1/2, respectively, and the p‑Src, p‑PI3K band intensities 
are normalized to GADPH and presented as a percentage of phosphate‑buffered saline‑treated control cells. Data are presented as the means ± standard error 
of the mean, n=4‑5 experiments. *P<0.05 vs. the control cells; ≠P<0.05 vs. CTX; #P<0.05 vs. EGF. CTX, cetuximab; EGF, epidermal growth factor; EGFR, 
epidermal growth factor receptor.

Figure 6. Cetuximab leads to the phosphorylation of IGF‑1R and VEGFR‑2 in MDA‑MB‑231 cells. (A and B) Cetuximab (100 nM, 30 min) induced the 
phosphorylation of EGFR, IGF‑1R and VEGFR‑2, while pre‑treatment of the cells with the EGFR tyrosine kinase inhibitor, AG1478 (10 µM, 30 min), or the 
Src kinase inhibitor, PP2 (10 µM, 30 min), significantly inhibited EGFR, IGF‑1R and VEGFR‑2 phosphorylation in MDA‑MB‑231 cells. (C) CTX produced 
significantly less IGF‑1R and VEGFR‑2‑phosphorylation than EGF did, while pre‑treatment of the cells with CTX (100 nM, 30 min) significantly, but not 
completely inhibited EGF‑induced phosphorylation (1 nM, 30 min) of IGF‑1R and VEGFR‑2 in MDA‑MB‑231cells. Representative western blot bands for 
p‑EGFR, p‑IGF‑1R, p‑VEGFR‑2 and GADPH are presented. Two replicate bands are presented for CTX in (B and C). The band intensities are normalized 
to GADPH and presented as a percentage of phosphate‑buffered saline‑treated control cells. Data are presented as the means ± standard error of the mean, 
n=4‑5 experiments. *P<0.05 vs. control cells; ≠P<0.05 vs. CTX; #P<0.05 vs. EGF. CTX, cetuximab; EGF, epidermal growth factor; EGFR, epidermal growth 
factor receptor.
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the CTX‑mediated activation of EGFR and Src kinase trigger 
the phosphorylation of IGF‑1R and VEGFR‑2.

CTX partially inhibits EGF‑mediated IGF‑1R and VEGFR‑2 
phosphorylation. As with EGFR phosphorylation, CTX 
treatment at 100 nM produced significantly less IGF‑1R and 
VEGFR‑2 phosphorylation compared with the full agonist, 
EGF at 1 nM (Figs. 6C and 7C). CTX also functioned as a 
partial agonist, partially inhibiting the IGF‑1R and VEGFR‑2 
phosphorylation induced by EGF (1 nM) in the MDA‑MB‑231 
(Fig. 6C) and MDA‑MB‑468 cells (Fig. 7C).

CTX alters cellular morphology in a manner similar to 
EGF. Immediate morphological changes induced by growth 
factors can be detected using real‑time cell‑based impedance 
measurement  (38‑40). In this study, cell‑based impedance 
technology was also used to evaluate the rapid morphological 
changes induced by RTK activity triggered by EGF or CTX 
in the MDA‑MB‑231 and MDA‑MB‑468 cells. Both CTX 
(100 nM) and EGF (1 nM) induced significant morphological 
changes during 4‑10 h of cell stimulation (Fig. 8). These results 
indicate that CTX induces RTK activity similar to EGF in 
terms of cellular morphology in both the MDA‑MB‑231 and 
MDA‑MB‑468 cells.

Src kinase inhibitor enhances the CTX‑mediated anti‑prolife
rative effect. The effect of CTX on cellular proliferation was 
examined in the presence of the Src kinase inhibitor, PP2, 

which antagonizes the CTX‑induced phosphorylation of Src 
kinase, PI3K, Akt, IGF‑1R and VEGFR‑2. CTX alone did not 
affect the proliferation of the MDA‑MB‑231 cells, but induced 
a 15% inhibition of the proliferation of the MDA‑MB‑468 
cells (Fig. 9). The Src kinase inhibitor, PP2, at 10 µM induced 
a 20 and 27% inhibition of MDA‑MB‑231 and MDA‑MB‑468 
cell proliferation, respectively. In combination with CTX, 
however, this response increased to 38% in the MDA‑MB‑231 
cells and to 45% in the MDA‑MB‑468 cells (Fig. 9). The 
results obtained by assessing cell viability by WST‑1 assay 
(data not shown) and the RTCA system were similar.

Model of CTX‑mediated partial agonistic action. Based on 
the observations that the CTX‑mediated phosphorylation of 
EGFR, IGF‑1R and VEGFR‑2, PI3K and Akt were inhibited 
by the EGFR tyrosine kinase inhibitor, AG1478, and the Src 
kinase inhibitor, PP2, it was suggested that the partial agonistic 
action of CTX leads to the phosphorylation of EGFR and 
Src kinase, which mediates the phosphorylation of IGF‑1R, 
VEGFR‑2, PI3K and Akt (Fig. 10).

Discussion

The blocking and/or silencing of the EGFR signalling pathway 
is one of the fundamental treatment strategies for TNBC, 
since EGFR overexpression is associated with an aggressive 
phenotype and a poor clinical outcome  (8‑12). Several 
antibodies have been developed to shut down EGFR signalling 

Figure 7. Cetuximab leads to the phosphorylation of IGF‑1R and VEGFR‑2 in MDA‑MB‑468 cells. (A and B) Cetuximab (100 nM, 30 min) induced the 
phosphorylation of EGFR, IGF‑1R, VEGFR‑2, while pre‑treatment of the cells with the EGFR tyrosine kinase inhibitor, AG1478 (AG) (10 µM, 30 min), or the 
Src inhibitor, PP2 (10 µM, 30 min), significantly inhibited EGFR, IGF‑1R and VEGFR‑2 phosphorylation in MDA‑MB‑468 cells. (C) CTX produced signifi-
cantly less IGF‑1R and VEGFR‑2 phosphorylation than EGF did, while pre‑treatment of the cells with CTX (100 nM, 30 min) significantly but not completely 
inhibited the EGF‑induced phosphorylation (1 nM, 30 min) of IGF‑1R and VEGFR‑2 in MDA‑MB‑468 cells. Representative western blot bands for p‑EGFR, 
p‑IGF‑1R, p‑VEGFR‑2 and GADPH are presented. Two replicate bands are presented for CTX. The band intensities are normalized to GADPH and presented 
as a percentage of phosphate‑buffered saline‑treated control cells. Data are presented as the means ± standard error of the mean, n=4‑5 experiments. *P<0.05 
vs. control cells; ≠P<0.05 vs. CTX; #P<0.05 vs. EGF. CTX, cetuximab; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor.
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Figure 8. Cetuximab and EGF alter cell morphology. (A‑C) Impedance measurement of cell morphology with the real‑time cell electronic sensing system with 
cetuximab (100 nM) or EGF (1 nM) treatment in serum‑free medium in MDA‑MB‑231 and MDA‑MB‑468 cells. CTX and EGF produced significant increase 
in the cell index. The cell index recorded just before CTX or EGF treatment was defined as the baseline and fold change of the baseline was determined for 
further measurements and shown as cell index fold change in (A and B). The peak level of cell index fold change was defined as the maximum value reached 
after treatment. The percentage of phosphate‑buffered saline‑treated control cells at the peak level was calculated and percentage increase over control cells 
was presented as a bar graph in (C). The arrows indicate when the treatments were started. Data are presented as the means ± standard error of the mean, 
n=4‑5 experiments. *P<0.05 vs. the control cells; #P<0.05 vs. EGF. CTX, cetuximab; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor.

Figure 9. Src kinase inhibition enhances the cetuximab‑mediated anti‑proliferative response. (A‑C) Impedance measurement of cell proliferation with 
the real‑time cell electronic sensing system with cetuximab (100 nM), PP2 (10 µM) and CTX (100 nM) + PP2 (10 µM) treatment of MDA‑MB‑231 and 
MDA‑MB‑468 cells in medium with FBS (10%). CTX alone did not alter the proliferation of MDA‑MB‑231 cells, but it induced a 15% inhibition of the 
proliferation of MDA‑MB‑468 cells. The Src kinase inhibitor, PP2, at 10 µM induced 20% and 27% inhibition of cellular proliferation. This response 
significantly increased to reach 38% and 45% when combined with CTX in MDA‑MB‑231 and MDA‑MB‑468 cells, respectively. The cell index recorded just 
before CTX, PP2 or CTX+PP2 treatment was defined as the baseline and fold change of the baseline was determined for further measurements and shown as 
cell index fold change in (A and B). The arrows indicate when the treatments were started. The cell index fold change at 72 h for each group and the percentage 
of phosphate‑buffered saline‑treated control cells was determined and percent inhibition of the cell index obtained from phosphate buffered saline‑treated 
control cells was presented as a bar graph in (C). Data are presented as the means ± standard error of the mean, n=4‑5 experiments. *P<0.05 vs. the control 
cells; #P<0.05 vs. EGF. CTX, cetuximab; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor.
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by blocking the binding of growth factors. However, these 
antibodies may not only antagonize the binding of growth 
factors or completely shut down EGFR signalling, but may also 
exert agonist‑like effects or act like partial agonists (24‑26). 
One of the unavoidable results of this action may be triggering 
malignant signalling in cancer cells, similar to growth factors, 
which may explain the lack of an anticancer response pattern 
in TNBC cells. TNBCs are resistant to treatment with the 
EGFR antibody, CTX. The primary focus of the present study 
was to determine whether CTX possesses partial agonist‑like 
properties and triggers the EGFR signalling pathway; we then 
investigated whether these properties are partly responsible for 
TNBC cell resistance to CTX.

To define an antibody as a partial agonist, it must exert 
an agonistic effect upon binding to a receptor. To elucidate 
this, we initially determined whether CTX causes the 
auto‑phosphorylation of EGFR and triggers its downstream 
signalling pathway similar to an EGFR agonist. It was observed 
that the treatment of MDA‑MB‑231 and MDA‑MB‑468 cells 
with CTX significantly increased the Tyr1173 phosphorylation 
of EGFR, which was the first indication that CTX may 
function as a partial agonist of EGFR. To determine whether 
the CTX‑mediated Tyr1173 phosphorylation of EGFR triggers 
downstream signalling, the activity status of Src kinase, 
PI3K, Akt and ERK1/2 in the CTX‑treated cells was then 
evaluated. CTX treatment was found to markedly enhance 
the phosphorylation of Src kinase, PI3K and Akt in the 
MDA‑MB‑231 cells, and the phosphorylation of Src kinase 
and PI3K in the MDA‑M468 cells. However, we observed no 
increase in the phosphorylation of ERK1/2 with CTX treatment 
in either the MDA‑MB‑231 or MDA‑MB‑468 cells. This may 
be explained by the high level of ERK1/2 expression in these 
cells, together with the high basal phosphorylated ERK1/2 
level  (41), which may also be linked to KRAS and BRAF 
mutations in MDA‑MB‑231 cells (21). Therefore, CTX cannot 
further promote the phosphorylation of ERK1/2 in these cell 
lines. Similarly, CTX did not enhance Akt phosphorylation in 
MDA‑MB‑468 cells, which is also most likely associated with 
the high basal level of phosphorylated Akt in MDA‑MB‑468 
cells, which lack the functional tumour suppressor 
Akt‑inhibiting gene, PTEN (21,42). By contrast, EGF, as a full 

agonist, did enhance ERK1/2 and Akt phosphorylation in these 
cell lines (data not shown). These results indicate that the signal 
strength must be at the level induced by the full agonist (EGF) 
on EGFR in order to observe Akt or ERK1/2 phosphorylation, 
whereas the weak signal induced by the partial agonist (CTX), 
is not sufficient to achieve phosphorylation of ERK1/2 and Akt 
in the MDA‑MB‑468 and ERK1/2 in MDA‑MB‑231 cells.

Growth factors cause the activation of both their own 
specific receptors and different types of growth factor 
receptors  (34,35). The EGF stimulation of EGFR leads to 
the phosphorylation of IGF‑1R in an Src kinase‑dependent 
manner (34). There is also a synergistic interaction between 
EGFR and VEGFR‑2, while EGF stimulation increases 
both the expression and phosphorylation of VEGFR‑2 (35), 
and activation of Src kinase also mediates transactivation 
of VEGFR‑2  (43). After observing the CTX‑mediated 
phosphorylation of EGFR and Src kinase, the effect of CTX on 
IGF‑1R and VEGFR‑2 phosphorylation was examined, and it 
was observed that CTX enhanced the phosphorylation of both, 
and that this induced phosphorylation was inhibited by the 
EGFR tyrosine kinase inhibitor, AG1478, and the Src kinase 
inhibitor, PP2. In our experiments, although CTX treatment 
led to an increase in the level of phosphorylated IGF‑1R and 
VEGFR‑2, it caused some decline or no change in the level 
of IGR‑1 and VEGF‑2. After observing this variability in the 
total level of IGF‑1R or VEGF‑2 we did not measure their 
level in each experiment. The stimulation or phosphorylation 
of tyrosine kinase residues of EGFR, VEGFR‑2 and IGF‑1R 
leads to their internalization and degradation but does 
not increase their cellular level  (44‑47). We also observed 
that CTX stimulation significantly decreased the level of 
EGFR (Figs. 1‑3). Taken together, our data suggest that the 
CTX‑mediated phosphorylation of EGFR, VEGFR‑2 and 
IGF‑1R is not related to an increase in their expression level. 
Based on these findings, it is suggested that the CTX‑mediated 
activation of EGFR tyrosine kinase leads to the phosphorylation 
of EGFR and triggers Src kinase activation, which mediates 
the phosphorylation of IGF‑1R and VEGFR‑2 (Fig. 10).

As mentioned above, the stimulation of EGFR by agonists, 
such as EGF, causes the rapid internalization and degradation 
of the receptor (44). Based on these and our initial observations 

Figure 10. Model of cetuximab effect on epidermal growth factor receptor (EGFR) in breast cancer cell lines. Cetuximab leads to transactivation of IGF‑1R and 
VEGFR‑2 via an EGFR and Src kinase‑dependent pathway in MDA‑MB‑231 and MDA‑MB‑468 cells, which also causes activation of phosphoinositide‑3‑ki-
nase (PI3K) in both cell lines and serine‑threonine kinases (Akt) in MDA‑MB‑231 cells.
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indicating the decline in the level of EGFR with both CTX 
and EGF treatments, we measured the EGFR levels following 
treatment with CTX to further evaluate the agonist‑like action 
of CTX. It was observed that CTX treatment led to a decline 
in EGFR levels in both the MDA‑MB‑231 and MDA‑MB468 
cells. In this response pattern, CTX acted as an agonist, but 
did not reduce the EGFR levels to a greater extent than EGF. 
Riese (26) proposed that partial agonist/antagonist antibodies 
trigger the phosphorylation of the Tyr residues of RTKs, leading 
to the degradation and irreversible inhibition of the receptor. 
This partial agonistic property of monoclonal antibodies may 
be an advantage for EGFR‑targeted anticancer effectiveness. 
Ferraro et al (48) also suggested an alternative strategy for 
inhibiting tumour growth by enhancing the internalization of 
EGFR, increasing its degradation and inhibiting its recycling 
through the use of EGFR‑targeted monoclonal antibodies. 
From our results, it may be concluded that although CTX 
causes the degradation of EGFR, this is not sufficient to exert 
a pronounced anti‑proliferative effect on TNBC cells.

Several studies have demonstrated that growth factors 
and RTK agonists induce immediate morphological or 
behavioural changes that may be detected using real‑time 
cell‑based impedance measurement  (38‑40). Thus, in this 
study, we also measured the effect of CTX on cellular 
behaviour or morphology as another approach to evaluating 
its partial agonist‑like activity. CTX was found to induce 
significant morphological changes in the cells, similar to EGF, 
indicating that CTX has a partial agonistic action in terms of 
cellular morphology. It would also be better to visualize the 
morphological changes induced with CTX in these cells by 
using microscopic techniques in a future study.

The second important indication to define an antibody as 
a partial agonist is that it has a notably lower signal strength 
compared with a full agonist. We therefore compared CTX‑ and 
EGF‑mediated responses. All the responses induced by CTX, 
namely the phosphorylation of EGFR, IGF‑1R, VEGFR‑2, Akt 
and PI3K, and reduced EGFR levels, were significantly less 
pronounced compared with those induced by EGF as a full 
agonist. These results clearly indicate that CTX can partially, 
but not fully, activate EGFR. A third typical indication of a 
partial agonist is that it partially inhibits the response induced 
by a full agonist. Our results clearly demonstrated that CTX 
partially, but not fully, inhibited the EGF‑mediated responses.

An important aspect of the results of the present study 
is that the partial agonistic action of CTX causes EGFR 
phosphorylation on the Tyr1173 residue, leading to the 
phosphorylation of Src kinase, PI3K, Akt, IGF‑1R and 
VEGFR‑2. All these signalling molecules are coupled to 
a malignant phenotype. Previous research, as well as the 
present study, have demonstrated that MDA‑MB‑231 and 
MDA‑MB‑468 cells are resistant to CTX treatment (33,49,50). 
This partial agonistic property may therefore be implicated in 
the mechanism underlying the resistance of these cell lines to 
CTX. Based on the observation that the inhibition of Src kinase 
significantly inhibited the CTX‑mediated phosphorylation of 
PI3K, Akt, IGF‑1R and VEGFR‑2, we investigated whether 
the activation of Src kinase could partly explain the resistance 
of these cells to CTX. For this purpose, the effect of CTX on 
cellular proliferation was examined in the presence of the Src 
kinase inhibitor, PP2, in the MDA‑MB‑231 and MDA‑MB‑468 

cells. Indeed, PP2 significantly enhanced the CTX‑mediated 
anti‑proliferative response in these cell lines. As expected, 
however, the partial agonistic action of CTX could not fully 
explain the resistance observed in these cell lines, since these 
cells harbour mutations in KRAS/BRAF and PTEN that cause 
EGFR‑independent activation of malignant signalling.

Various results reported in the literature also support 
our findings that CTX can cause the phosphorylation of 
EGFR, IGF‑1R and Src kinase in several different cancer 
cell lines, which are primarily refractory or have acquired 
resistance (30‑32,51,52). In particular, CTX‑sensitive cancer 
cells may become resistant following CTX treatment (18,53‑55). 
There is evidence to indicate that EGFR, HER2, HER3, 
c‑Met and VEGFR‑2 are overexpressed, and also that Src 
kinase and PI3K/Akt activity increase in acquired CTX 
resistance  (18‑20,54,56‑58). CTX can phosphorylate and 
activate EGFR in non‑small cell lung cancer cells or in head 
and neck squamous cancer cells (30,31,54). Yoshida et al (30) 
reported that CTX led to the dimerization of EGFR and caused 
the phosphorylation of the Tyr845, Tyr1068 and Tyr1173 
residues in the non‑small cell lung cancer cells lines, H292 
and H460. Accordingly, it is very important to examine and 
elucidate a possible partial agonist action of CTX and its role 
in acquired resistance of cancer cells. The CTX‑mediated 
phosphorylation or activation of growth factor receptors 
have not been specifically addressed to date as a mechanism 
underlying resistance, and this phenomenon has not been 
defined as partial agonism. The results of the present study are 
novel, as they clearly demonstrated the partial agonist action of 
CTX and, therefore, have drawn attention to the possibility that 
the partial agonistic action of monoclonal antibodies may be 
key to the resistance to EGFR‑targeted therapies.

To further elucidate the effectiveness of EGFR‑targeted 
antibodies in cancer cells exhibiting high EGFR signalling, 
it would be valuable to compare the anticancer effectiveness 
of antibodies with different properties or efficacies; one may 
act like a neutral antagonist on EGFR, thereby preventing 
any type of phosphorylation or activation of EGFR or its 
downstream signalling molecules, whereas another may act 
like a biased agonist that selectively triggers a specific EGFR 
signalling pathway. The binding of this type of antibody to 
EGFR may lead to the phosphorylation of the Tyr residues 
that trigger its ubiquitination and facilitate its degradation, but 
without the phosphorylation of the Tyr residues that trigger 
malignant signalling. Such an antibody could completely shut 
down EGFR signalling. Therefore, it is crucial to understand 
the therapeutic effectiveness of EGFR‑targeted antibodies 
with different properties, such as partial agonists, neutral 
antagonists and biased agonists, in the treatment of cancers 
that retain high EGFR signalling.

In conclusion, the results of the present study indicate 
that CTX exerts a partial agonistic effect on EGFR, which 
leads to the phosphorylation of EGFR, Src kinase, PI3K, 
Akt, IGF‑1R and VEGFR‑2, whereas the inhibition of this 
induced phosphorylation by the Src kinase inhibitor, PP2, 
enhances its anti‑proliferative effect. To the best of our 
knowledge, this study is the first to emphasize the partial 
agonist properties of CTX, which are likely implicated in the 
mechanisms underlying the resistance of MDA‑MB231 and 
MDA‑MB468 cells to CTX. The anticancer effectiveness of 



INTERNATIONAL JOURNAL OF ONCOLOGY  54:  1345-1356,  2019 1355

CTX should thus be examined further by blocking its partial 
agonist action through Src kinase inhibition in preclinical 
and clinical studies.
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