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compared with either antibody alone, and the combina-
tion results in greater antitumor activity against the tras-
tuzumab-resistant NCI-N87 cell line, both in vitro and in 
vivo, suggesting that a combined EGFR/ErbB2 inhibition 
may overcome trastuzumab resistance.
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Introduction

Gastric cancer is one of the most prevalent malignant 
tumors worldwide, and it has the second highest mor-
tality among cancers [1]. Overexpression of the human 
epidermal growth factor receptor-2 (ErbB2 or HER2) is 
frequently found in gastric cancer [2] and is more often 
associated with poor prognosis [3, 4]. Trastuzumab (Her-
ceptin), a humanized monoclonal antibody directed against 
the dimerization interfaces in domain IV of ErbB2 [5], has 
currently been approved for clinical use in patients with 
ErbB2-positive metastatic gastric and gastro-esophageal 
junction cancer. Despite the effectiveness of trastuzumab, 
the majority of trastuzumab-responsive patients develop 
resistance after continuous treatment [6]. Thus, novel thera-
peutic approaches are needed to overcome trastuzumab 
resistance.

Recent studies have highlighted that prolonged treat-
ment with trastuzumab may induce tumor cells to repro-
gram themselves by overexpressing various receptor tyros-
ine kinases (RTKs) to develop alternative compensatory 
pathways to sustain cell proliferation, ultimately leading 
to trastuzumab resistance [7–9]. Thus, novel therapeutic 
approaches that target the multiple altered signaling path-
ways leading to resistance are warranted. The epidermal 
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growth factor receptor (EGFR) is frequently expressed in 
human gastric cancer [10]. EGFR forms homodimers or 
heterodimers with both ligand-free and ligand-bound forms 
of ErbB2 and triggers potent mechanisms of cell prolif-
eration and survival [5]. Cetuximab (Erbitux™), an anti-
EGFR chimeric antibody whose epitope lies on domain II 
of EGFR [11], has proven useful in the treatment of carci-
nomas that co-express EGFR and ErbB2 [12–14]. A recent 
study has shown that combinatorial treatment with cetuxi-
mab and trastuzumab effectively suppressed the in vitro 
and in vivo growth of the ErbB2-positive human gastric 
cancer cell line NCI-N87, which has a high level of ErbB2 
and a moderate level of EGFR expression [12]. However, 
the antitumor activity of trastuzumab plus cetuximab 
in trastuzumab-resistant gastric cancer has not yet been 
reported.

In this study, we obtained a trastuzumab-resistant sub-
line of NCI-N87 by modeling the development of acquired 
resistance in patients. We investigated the antitumor effect 
of trastuzumab in combination with the cetuximab on the 
trastuzumab-resistant gastric cancer cell line, as well as its 
mechanism of action. Our data indicate that combinatorial 
treatment with cetuximab plus trastuzumab renders a com-
prehensive blockade of EGFR/ErbB2 heterodimers and 
signaling, and the combination could be a clinically useful 
strategy for overcoming trastuzumab resistance.

Materials and methods

Cell lines and antibodies

The human gastric cancer cell line NCI-N87 was obtained 
from the American Type Culture Collection (ATCC, 
Manassas, VA). The cells were maintained in RPMI 1640 
(Sigma-Aldrich) supplemented with 10  % fetal bovine 
serum. The NCI-N87 TR subline with acquired trastu-
zumab resistance was generated as described previously. 
Briefly, parental cells were continuously exposed to tras-
tuzumab (10  μg/mL) for more than 6  months. Surviving 
cells from each plate were then pooled together and tested 
for response to trastuzumab, as described below. The anti-
HER2 humanized antibody trastuzumab was purchased 
from Roche, and the anti-EGFR chimeric antibody cetuxi-
mab was from Merck.

Cell proliferation assay

Cells (5  ×  103/well) were seeded in 96-well plates and 
incubated with control IgG (10  μg/mL), trastuzumab 
(10 μg/mL), cetuximab (10 μg/mL), or trastuzumab plus 
cetuximab (10  μg/mL each), followed by either addition 
of EGF (5 nM) or no addition of EGF. After 5 days, cell 

proliferation was determined by the CellTiter 96 AQue-
ous One Solution Cell Proliferation Assay (MTS assay) kit 
(Promega, Madison, WI). The percentage of cell growth 
inhibition was calculated according to the following for-
mula: inhibition (%) =  [(A492mAb-untreated cells − A492mAb-

treated cells)/(A492mAb-untreated cells − A492culture medium)] × 100.

Real‑time quantitative PCR

Total RNA was isolated from cells using the TRIzol rea-
gent (Invitrogen) and was reverse transcribed with the 
PrimeScript RT reagent kit (Takara, Dalian, China). The 
real-time quantitative PCR was performed using the SYBR 
Premix Ex Tag kit (Takara) on a 7500 Fast Real-Time PCR 
System (Applied Biosystems, Carlsbad, CA). Glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) was used 
as an endogenous control to normalize expression levels. 
The primers used were as follows: EGF: (F) 5′-TGG ATG 
TGC TTG ATA AGC GG-3′, (R) 5′-ACC ATG TCC TTT 
CCA GTG TGT -3′; HB-EGF: (F) 5′-ATC GTG GGG 
CTT CTC ATG TTT-3′, (R) 5′-TTA GTC ATG CCC AAC 
TTC ACT TT-3′;TGFα: (F) 5′-AGG TCC GAA AAC ACT 
GTG AGT-3′, (R) 5′-AGC AAG CGG TTC TTC CCT 
TC-3′. Relative expression levels of target genes = 2−△Ct 
(△△Ct = △△Ct (experimental group) − △△Ct (con-
trol group)).

Immunoblotting

Cells were incubated with antibodies in serum-free 
medium for 1 h at 37 °C. The cells were then treated with 
EGF (5 nM) or were left untreated for 15 min. After col-
lection on ice and washing with PBS, the cells were lysed 
in SDS lysis buffer, and the cell lysates were subjected to 
SDS-PAGE and immunoblotted with antibodies against 
EGFR (sc-03; Santa Cruz Biotechnology, Santa Cruz, CA), 
phospho-EGFR-Tyr1068 (2236; Cell Signaling, Danvers, 
MA), ErbB2 (sc-7301; Santa Cruz Biotechnology, Santa 
Cruz, CA), phospho-ErbB2-Tyr1221/1222 (2243; Cell 
Signaling, Danvers, MA), ErbB3 (4754; Cell Signaling, 
Danvers, MA), phospho-ErbB3-Tyr1289 (4791; Cell Sign-
aling, Danvers, MA), AKT (9272; Cell Signaling, Danvers, 
MA), phospho-AKT-Ser473 (4060; Cell Signaling, Dan-
vers, MA), p44/42 MAPK (9102; Cell Signaling, Danvers, 
MA) or phospho-p44/42 MAPK-Thr202/Tyr204 (9106; 
Cell Signaling, Danvers, MA).

Immunoprecipitation

To detect the ligand-independent ErbB2-containing het-
erodimers, the cells were cross-linked using a reversible 
chemical crosslinking procedure [15]. Briefly, cells were 
incubated with the indicated antibodies for 2  h at 37  °C. 
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After washing twice with ice-cold HEPES/NaCl buffer 
(50 mM HEPES (pH 7.2), 150 mM NaCl), the cells were 
incubated with 2  mM 3,3′-dithiobis[sulfosuccinimidylpr
opionate] (DTSSP; Thermo Scientific, Rockford, IL) dis-
solved in HEPES/NaCl buffer for 1  h at 4  °C. The cells 
were then washed three times with ice-cold 25  mM Tris 
(pH 7.1), 150  mM NaCl and lysed in NP-40 lysis buffer 
supplemented with protease and phosphatase inhibitors. 
For co-immunoprecipitation experiments, we incubated 
the total cell lysate with an agarose-conjugated anti-ErbB2 
monoclonal antibody (sc-7301AC; Santa Cruz Biotech-
nology, Santa Cruz, CA) overnight at 4  °C. The precipi-
tated proteins were subjected to SDS-PAGE, followed by 
Western blot analysis. The formation of EGF-induced, 
ErbB2-containing heterodimers was assayed by the method 
described above, with slight modifications. Briefly, the cells 
were starved overnight in growth medium without serum 
and then incubated with the indicated antibodies for 2 h at 
37 °C. Recombinant human EGF (R&D Systems, Minne-
apolis, MN), which is a ligand of EGFR, was added at a 
final concentration of 5 nM for 15 min of incubation, and 
then, the cells were washed three times and lysed in NP-40 
lysis buffer. The co-immunoprecipitation experiments were 
then performed as previously described.

Tumor xenograft studies

Five-week-old female BALB/c nude mice were obtained 
from the Shanghai Experimental Animal Center of the Chi-
nese Academy of Sciences (Shanghai, China). All animals 
were treated in accordance with the Institutional Animal 
Care and Use Committee. Each mouse was inoculated sub-
cutaneously in the right flank with either 5 × 106 cells per 
mouse of human gastric cancer cell lines NCI-N87 or NCI-
N87 TR in a 1:1 PBS:matrigel suspension (BD matrigel; 
BD Biosciences, San Jose, CA). When tumor volumes 
reached an average of approximately 100–150  mm3, the 
mice were randomly divided into groups with an even distri-
bution of tumor sizes (8 mice/group). Treatments consisted 
of twice weekly intravenous injection of different antibod-
ies (10  mg/kg) for six consecutive weeks. Control mice 
were given vehicle (IgG) alone. Tumors were measured 
with digital calipers, and tumor volumes were calculated by 
the following formula: volume = length × (width)2/2.

Results

EGFR is over‑expressed and highly activated in the 
trastuzumab‑resistant NCI‑N87 cell line

We modeled the development of acquired resistance in 
patients by treating the ErbB2-overexpressing gastric 

cancer cells line NCI-N87 with 10 μg/mL of trastuzumab 
for 6  months to obtain the trastuzumab-resistant sub-
line, NCI-N87TR. Compared with the parental line, NCI-
N87TR was significantly more resistant to trastuzumab 
treatment in vitro and in vivo (Fig. 1a, b). Meanwhile, we 
found that the amounts of EGFR and EGFR/ErbB2 het-
erodimers were notably up-regulated in the NCI-N87TR 
cells compared with the parental cells (Fig.  1c). Consist-
ent with this, western blotting also indicated that the NCI-
N87TR cell line showed a marked increase in EGFR and 
MAPK phosphorylation (Fig.  1d). In addition, the NCI-
N87TR cells also expressed higher levels of EGF than 
the parental cells (Fig.  1e). The unchanged ErbB3 and 

Fig. 1   Characterization of the trastuzumab-resistant gastric can-
cer cell line NCI-N87TR. a MTS assay evaluating cell proliferation 
of NCI-N87 and NCI-N87TR cell lines upon treatment with trastu-
zumab. Error bars, SD. ***P < 0.0001. The data are representative 
of three independent experiments. b Tumor volume of NCI-N87 
and NCI-N87TR xenografts after treatment with 10  mg/kg of con-
trol IgG or trastuzumab. The data are shown as the mean  ±  SEM. 
***P  <  0.0001. c Co-immunoprecipitation assay detecting ligand-
independent ErbB2/EGFR and ErbB2/ErbB3 heterodimerization in 
the NCI-N87 and NCI-N87TR cell lines. The data are representative 
of three independent experiments. d Immunoblots comparing major 
cell signaling changes between the NCI-N87 and NCI-N87TR cell 
lines. The data are representative of three independent experiments. 
e Real-time quantitative PCR analysis of expression of ErbB ligands. 
The data are shown as the mean  ±  SD. All quantitative data were 
generated from a minimum of three replicates



584	 Cancer Immunol Immunother (2014) 63:581–586

1 3

AKT phosphorylation in NCI-N87TR indicates that the 
acquired trastuzumab resistance was not due to PI3 K path-
way alterations (Fig. 1c, d). These results indicate that the 
up-regulated EGFR expression and EGFR/ErbB2 signal-
ing pathways may contribute to the acquired resistance 
mechanisms.

Combining trastuzumab and cetuximab effectively inhibits 
the formation of EGFR/ErbB2 heterodimers and activation 
in the trastuzumab‑resistant NCI‑N87 cell line

We investigated the capability of trastuzumab, cetuximab, 
or trastuzumab plus cetuximab to disrupt EGFR/ErbB2 het-
erodimerization in the NCI-N87 and NCI-N87TR cell lines. 
In both cell lines, trastuzumab was unable to disrupt ligand-
independent EGFR/ErbB2 association (Fig.  2a), whereas 
cetuximab showed an evident decrease in EGFR/ErbB2 
heterodimers (Fig.  2a). For EGF-induced EGFR/ErbB2 
dimerization, trastuzumab or cetuximab alone weakly 
inhibited EGFR/ErbB2 dimerization, although cetuximab 
exhibited a stronger effect (Fig. 2a). However, the amount 
of EGFR/ErbB2 heterodimers in the NCI-N87TR cell line 
was still higher than the parental cells. Notably, the combi-
nation of trastuzumab and cetuximab was more effective at 
blocking ligand-independent or EGF-induced EGFR/ErbB2 
heterodimerization compared with either mAb alone, and 
the combination caused a marked decrease in the amount of 
the EGFR/ErbB2 complex in both cell lines (Fig. 2a).

Next, we investigated the inhibitory effects of tras-
tuzumab or cetuximab alone, or the two mAbs in com-
bination, on ErbB signaling pathways in the NCI-N87 
and NCI-N87TR cell lines. Our results indicated that the 
ability of the mAbs alone or in combination to inhibit 
EGFR/ErbB2 signaling pathways corresponded with their 
capacity to inhibit EGFR/ErbB2 heterodimerization, under 
both basal and EGF-stimulated conditions (Fig.  2b, c.). 
Additionally, in the case of the ligand-independent heter-
odimerization, both of the trastuzumab-treated cell lines 
showed a slightly decreased phosphorylation of MAPK, 
indicating that trastuzumab could affect the ErbB2/ErbB2 
or ErbB2/ErbB3 complexes, regardless of sensitivity or 
resistance to trastuzumab (Fig. 2b, c). Accordingly, adding 
cetuximab to trastuzumab led to a significant decrease in 
the phosphorylation of EGFR and MAPK in both the tras-
tuzumab-sensitive and trastuzumab-resistant gastric cancer 
cell lines (Fig. 2b, c).

Combining trastuzumab and cetuximab potently inhibits 
the in vitro and in vivo growth of trastuzumab‑resistant 
gastric cancer xenografts

To examine whether over-enhanced EGFR/ErbB2 het-
erodimerization and activation is involved in the in vitro 

proliferation of NCI-N87TR, we evaluated the antitumor 
ability of trastuzumab or cetuximab alone or in combina-
tion for the NCI-N87 and NCI-N87TR cell lines. Under 
both the basal and EGF-stimulated conditions, trastuzumab 
was less efficient at inhibiting the NCI-N87TR cells, com-
pared with parental cells, whereas cetuximab had only a 
minor effect (Fig. 3a, b). However, our data indicated that 
the antiproliferative activity of the combinatorial therapy 
was directly related to its ability to inhibit EGFR/ErbB2 
heterodimerization and activation. In general, combining 

Fig. 2   Combining trastuzumab and cetuximab effectively inhibits 
the formation of EGFR/ErbB2 heterodimers and activation in both 
NCI-N87 and NCI-N87TR gastric cancer cell lines. a Co-immuno-
precipitation assay evaluating the ability of 10 μg/mL of control IgG, 
trastuzumab, cetuximab, or trastuzumab plus cetuximab to disrupt the 
ligand-independent and EGF-induced ErbB2/EGFR heterodimeri-
zation in NCI-N87 and NCI-N87TR cell lines. The data are repre-
sentative of three independent experiments. b Immunoblots assess-
ing ErbB signaling in the NCI-N87 and NCI-N87TR cell lines upon 
treatment with 10 μg/mL of control IgG, trastuzumab, cetuximab, or 
trastuzumab plus cetuximab in the absence of EGF. The data are rep-
resentative of three independent experiments. c Immunoblots evaluat-
ing the effects of 10 μg/mL of control IgG, trastuzumab, cetuximab, 
or trastuzumab plus cetuximab pretreatment on EGF-activated ErbB 
signaling in NCI-N87 and NCI-N87TR cell lines. The data are repre-
sentative of three independent experiments
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trastuzumab and cetuximab showed better antiproliferative 
activity than either mAb alone (Fig. 3a, b).

Next, to assess whether combining trastuzumab and 
cetuximab could be an effective strategy to overcome tras-
tuzumab resistance in vivo, we examined the therapeutic 
efficacy of trastuzumab and cetuximab alone or in com-
bination for nude mice bearing established NCI-N87 or 
NCI-N87TR tumor xenografts. As shown in Fig. 3c, in the 
NCI-N87 xenograft model trastuzumab led to a significant 
suppression of tumor growth and that suppression was bet-
ter than cetuximab. In the NCI-N87TR tumor xenograft, 
both trastuzumab and cetuximab alone showed poor abil-
ity to inhibit the tumor growth. It is particularly noteworthy 

that combinatorial treatment with trastuzumab plus cetuxi-
mab was significantly more efficient in eliminating tumors, 
and most tumors were barely detectable 32  days after 
treatment (Fig.  3c). Collectively, these data indicate that 
the addition of cetuximab to trastuzumab sensitizes tras-
tuzumab-resistant cell lines to trastuzumab, in vitro and in 
vivo.

Discussion

The molecular mechanisms underlying trastuzumab resist-
ance in gastric cancer are not clear. Recent studies have 
highlighted that prolonged treatment with trastuzumab 
may induce tumor cells to reprogram themselves by vari-
ous RTKs to develop alternative compensatory pathways 
to sustain cell proliferation, ultimately leading to trastu-
zumab resistance. In this study, we obtained a trastuzumab-
resistant sub-line of the NCI-N87 gastric cancer cell line by 
modeling the development of acquired resistance in gas-
tric cancer patients. Compared with the parental cell line, 
NCI-N87TR showed a notable increase in EGFR/ErbB2 
heterodimers and signaling. Thus, the identification of the 
‘EGFR/ErbB2 heterodimers and activation’ involved in the 
trastuzumab resistance mechanisms may help researchers 
to rationally develop new combinatorial therapies.

Previous studies have suggested that EGFR plays little 
or no role in driving the biology of ErbB2-overexpressing 
tumor cells. Consistent with this, our data indicated that 
trastuzumab effectively suppressed the growth of NCI-N87 
cells, whereas cetuximab had only a minor effect. However, 
EGFR seems to play an important role in the trastuzumab-
resistant NCI-N87 subline. In agreement with Narayan 
et al.’s study, our results indicated that the amounts of the 
EGFR and the EGFR/ErbB2 signaling pathways were 
remarkably up-regulated [7]. These results indicated a 
role for EGFR in compensating for resistance to trastu-
zumab, and suggested the basis for a novel combinatorial 
approach in clinical trials in gastric cancer. Furthermore, 
Narayan et al.’s results indicated that acquired trastuzumab 
resistance might be not synonymous with lack of respon-
siveness to trastuzumab and, importantly, suggested that 
trastuzumab priming might sensitize trastuzumab-resistant 
tumors to other EGFR family receptors-directed therapeu-
tics [7]. Thus, the use of a combination of antibodies inhib-
iting EGFR/ErbB2 signaling pathways that confer trastu-
zumab resistance may have a potential clinical benefit.

Recently, trastuzumab in combination with cetuxi-
mab has proven useful in the treatment of carcinomas 
co-expressing EGFR and ErbB2, which our data support. 
Previously, Larbouret et  al.’s study demonstrated that 
combing cetuximab and trastuzumab synergistically inhib-
ited the survival of ErbB2low human pancreatic carcinoma 

Fig. 3   Combining trastuzumab and cetuximab potently suppresses 
the in vitro and in vivo growth of both trastuzumab-sensitive and 
trastuzumab-resistant gastric cancer cell lines. a MTS assay examin-
ing the effects of 10 μg/mL of control IgG, trastuzumab, cetuximab, 
or trastuzumab plus cetuximab on gastric cancer cell proliferation 
in the absence of EGF. The results are shown as percentage of con-
trol cell proliferation. Error bars, SD. **P < 0.001; ***P < 0.0001. 
The data are representative of three independent experiments. b 
MTS assay examining the effects of 10 μg/mL of control IgG, tras-
tuzumab, cetuximab, or trastuzumab plus cetuximab on gastric can-
cer cell proliferation in the presence of EGF. The results are shown as 
percentage of control cell proliferation. Error bars, SD. **P < 0.001; 
***P  <  0.0001. The data are representative of three independent 
experiments. c Tumor volume of NCI-N87 or NCI-N87TR xenografts 
after treatment with control IgG (10 mg/kg), trastuzumab (10 mg/kg), 
cetuximab (10  mg/kg), or trastuzumab (10  mg/kg) plus cetuximab 
(10 mg/kg). The data are shown as the mean ± SEM. **P < 0.001; 
***P < 0.0001, Mann–Whitney test
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xenografts, and thus showed superior EGFR/ErbB2 het-
erodimers-blocking activity over either mAb alone [14]. 
In agreement with this, we observed that the combination 
of these two antibodies has shown encouraging results 
in the trastuzumab-resistant NCI-N87 sub-line, both in 
vitro and in vivo. In addition, the NCI-N87TR cell line 
expressed higher levels of EGF than the parental cell line. 
The ineffectiveness of trastuzumab to block EGF-induced 
EGFR/ErbB2 heterodimerization and activation suggests 
that enhanced ligand-activated EGFR/ErbB2 signaling 
may be involved in trastuzumab resistance mechanisms. 
Due to the unique epitope of cetuximab, which overlaps 
substantially with the EGF binding site on domain III of 
EGFR, combinatorial therapy provides a more compre-
hensive blockade of EGFR/ErbB2 heterodimers and sign-
aling, and results in greater antitumor activity in the NCI-
N87TR tumor models. Thus, we conclude that combining 
trastuzumab and cetuximab may lead to a better therapeutic 
outcome for acquired trastuzumab-resistant ErbB2-overex-
pressing gastric cancer patients than either mAb alone.

In conclusion, this study identified enhanced 
EGFR/ErbB2 heterodimers and activation as an important 
step in the mechanisms of acquired trastuzumab resistance. 
Combining trastuzumab and cetuximab is effective in over-
coming acquired trastuzumab resistance, suggesting that 
combinatorial therapy has the great potential to be trans-
lated to the clinic.
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