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Abstract 

Background: The standard treatment for patients with advanced HER2-positive gastric cancer is a combination of 
the antibody trastuzumab and platin-fluoropyrimidine chemotherapy. As some patients do not respond to trastu-
zumab therapy or develop resistance during treatment, the search for alternative treatment options and biomarkers 
to predict therapy response is the focus of research. We compared the efficacy of trastuzumab and other HER-tar-
geting drugs such as cetuximab and afatinib. We also hypothesized that treatment-dependent regulation of a gene 
indicates its importance in response and that it can therefore be used as a biomarker for patient stratification.

Methods: A selection of gastric cancer cell lines (Hs746T, MKN1, MKN7 and NCI-N87) was treated with EGF, cetuxi-
mab, trastuzumab or afatinib for a period of 4 or 24 h. The effects of treatment on gene expression were measured by 
RNA sequencing and the resulting biomarker candidates were tested in an available cohort of gastric cancer patients 
from the VARIANZ trial or functionally analyzed in vitro.

Results: After treatment of the cell lines with afatinib, the highest number of regulated genes was observed, fol-
lowed by cetuximab and trastuzumab. Although trastuzumab showed only relatively small effects on gene expres-
sion, BMF, HAS2 and SHB could be identified as candidate biomarkers for response to trastuzumab. Subsequent stud-
ies confirmed HAS2 and SHB as potential predictive markers for response to trastuzumab therapy in clinical samples 
from the VARIANZ trial. AREG, EREG and HBEGF were identified as candidate biomarkers for treatment with afatinib and 
cetuximab. Functional analysis confirmed that HBEGF is a resistance factor for cetuximab.

Conclusion: By confirming HAS2, SHB and HBEGF as biomarkers for anti-HER therapies, we provide evidence that the 
regulation of gene expression after treatment can be used for biomarker discovery.

Trial registration.

Clinical specimens of the VARIANZ study (NCT02305043) were used to test biomarker candidates.
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Background
Gastric cancer is the fifth most frequently diagnosed can-
cer and the fourth leading cause of cancer death world-
wide [1]. In patients with locally advanced or metastatic 
disease, chemotherapy can prolong survival and reduce 
symptoms. The HER2-targeting antibody trastuzumab in 
combination with platin-fluoropyrimidine is the stand-
ard of care for patients with HER2 positive advanced 
gastric cancer [2]. Trastuzumab was approved following 
the Trastuzumab for Gastric Cancer (ToGA) trial show-
ing a median overall survival of 13.8  month in patients 
receiving chemotherapy plus trastuzumab, compared 
to 11.1 month in patients receiving chemotherapy alone 
[3]. In contrast, the EGFR-targeting antibody cetuximab 
failed to improve survival in the randomised interna-
tional Erbitux (cetuximab) in combination with Xeloda 
(capecitabine) and cisplatin in advanced esophago-gas-
tric cancer (EXPAND) study [4]. However, subgroups of 
gastric cancer patients may benefit from anti-EGFR treat-
ment. Therefore, biomarkers could help to identify those 
patients. The pan-HER tyrosine kinase inhibitor afatinib 
in combination with chemotherapy as first or second line 
therapy is currently being investigated in clinical trials 
[5–7]. First results from a small patient cohort are already 
available. 32 trastuzumab-resistant patients with HER2 
positive metastatic esophageal, gastroesophageal junc-
tion or gastric adenocarcinoma were treated with either 
afatinib alone or the combination of trastuzumab and 
afatinib. The three patients with best changes in tumor 
volume demonstrated EGFR and HER2 co-amplification 
in pretreatment tumor biopsies. Analysis of post-mor-
tem metastatic samples in three patients who initially 
showed response to afatinib treatment, revealed loss of 
EGFR amplification and acquisition of MET amplifica-
tion as mechanisms for acquired resistance [8]. The co-
occurrence of alterations in EGFR, MET, HER3, CCNE1, 
CDK6, CCND1 and PIK3CA in HER2-positive gastric 
carcinoma has been shown to confer resistance to HER2-
targeted therapies in  vitro [9]. Moreover, loss of PTEN 
and low HER2 amplification correlated with trastuzumab 
resistance in 129 HER2-positive gastric cancer patients 
[10, 11]. These studies underline that not all patients 
respond to targeted therapies, and therapy resistance 
caused by bypass track mechanisms is one of the most 
common problems [2].

Biomarkers for anti-HER therapies are urgently 
required to select the appropriate treatment for gastric 
cancer patients. We hypothesize that the regulation of 
a gene by a specific treatment indicates its importance 

for treatment response and thus it might be used as bio-
marker for patient stratification. To this end we used gene 
expression analysis of gastric cancer cell lines to identify 
candidate biomarkers and validated our findings in cell 
culture or available clinical specimens [12–15].

Methods
Cell culture
The gastric cancer cell lines were provided by the follow-
ing cell banks: MKN1 (Cell Bank RIKEN BioResource 
Center, Tsukuba, Japan, catalogue number RCB1003), 
MKN7 (Cell Bank RIKEN BioResource Center via tebu-
bio, Offenbach, Germany, catalogue number JCRB1025), 
NCI-N87 (ATCC Cell Biology Collection via LGC 
Standards GmbH, Wesel, Germany, catalogue number, 
CRL-5822) and Hs746T (ATCC Cell Biology Collection 
via LGC Standards GmbH, Wesel, Germany, catalogue 
number ATCC HTB-135). The cell lines were cultured as 
described earlier [16–18].

Cell lines were selected according to the previously 
published response characterization already explained 
in Ebert et al. [18]. MKN1 cells are responsive to cetuxi-
mab treatment whereas Hs746T cells are not [16, 19]. 
NCI-N87 cells were described as trastuzumab responder 
and MKN7 and MKN1 cells as nonresponder. NCI-
N87, MKN1 and MKN7 cells were described as afatinib 
responder while Hs746T cells were described as afatinib 
non-responder [17]. We have shown the HER2 positivity 
of NCI-N87 and MKN7 cells by immunohistochemistry 
before in Keller et al. (2018) [17], Fig. S1.

RNA extraction
Cells were seeded in 10 cm dishes one day before treat-
ment (cell numbers see Table  S1, Additional file  1) and 
subsequently treated with EGF (5 ng/ml, Sigma Aldrich), 
cetuximab (Cet, 1 µg/ml, Merck), trastuzumab (Tra, 5 µg/
ml, Roche), afatinib (Afa, 0.5  µM, Biozol) or dimethyl-
sulfoxid (DMSO, 0.05%, afatinib solvent control) for 4 h 
or 24  h. RNA and micro RNA were isolated using the 
mirVana™ miRNA Isolation Kit (Thermo Fisher Scien-
tific) and RNA was eluted in nuclease-free water. The 
DNA-free™ DNA Removal Kit (Thermo Fisher Scientific) 
was used for DNase digestion according to manufac-
turer’s instructions. All experiments were performed in 
triplicate.

The treatment times of 4  h and 24  h were chosen 
because of literature, previous experiments and duration 
of phenotypic analyses. The 4  h treatment was chosen 
because it corresponds to the middle of the film length of 
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7 h. The 24 h treatment was chosen since apoptosis was 
analyzed 24 h after treatment and effects on gene expres-
sion were shown in breast cancer cell lines after 24 h tras-
tuzumab treatment [20]. Moreover, this time was chosen 
since previous gene expression experiments with cetuxi-
mab were performed after 24 h treatment.

Next generation sequencing and primary data analysis
The dataset of differently expressed genes resulting from 
next generation sequencing was published previously. 
Thus, regarding next generation sequencing and primary 
data analysis we refer to Ebert et al. [18].

Quantitative PCR
RNA was transcribed into cDNA using the High-
Capacity cDNA Reverse Transcription Kit (Thermo 
Fisher Scientific). Candidate gene expression was meas-
ured using the TaqMan Gene Expression Assays for 
Amphiregulin AREG (Hs00950669_m1), Epiregulin 
EREG (Hs00914313_m1), Heparin Binding EGF Like 
Growth Factor HBEGF (Hs00181813_m1), Bcl-2 modify-
ing factor BMF (Hs00372937_m1), Hyaluronan Synthase 
2 HAS2 (Hs00193435_m1), Src Homology-2 domain 
SHB (Hs00182370_m1), β-Actin ACTB (Hs01060665_g1, 
reference) and the TaqMan Universal PCR Master Mix 
(Thermo Fisher Scientific). All procedures were carried 
out according to manufacturer’s instructions. The Light-
Cycler® 480 instrument and software (Roche) were used 
to determine the relative gene expression.

ELISA
Cells were prepared in the same way as for RNA extrac-
tion. Conditioned medium was collected 24 h after treat-
ment. HBEGF, AREG and EREG secretion was measured 
by ELISA (Human HB-EGF DuoSet ELISA, R&D Sys-
tems; Human Amphiregulin DuoSet ELISA, R&D Sys-
tems; Human Epiregulin ELISA Kit, Abcam) according to 
manufacturer’s instructions.

Transfection with siRNA
Medium was exchanged to antibiotic-free medium 
one day after plating (cell numbers see Table  S1, Addi-
tional file 1). Cells were transfected using Lipofectamine 
2000 (Thermo Fisher Scientific) and HBEGF siRNA (as 
described [18]) or AREG siRNA (Flexi Tube Gene Solu-
tion (pool of 4 different siRNAs), Qiagen) two hours 
after medium replacement. As reported previously, the 
unlabeled and labeled (AF 488) All Star Negative Con-
trol siRNA (Qiagen) were used as controls [18]. Cells 
were plated for proliferation assay 24 h after transfection. 
RNA was extracted on day 1 and day 5 after transfec-
tion (RNeasy Mini Kit, Qiagen) to check the knockdown 
efficiency by qPCR. The efficiency was assessed with AF 

488-labeled negative control siRNA one day after trans-
fection. As described before, more than 90% of both 
MKN1 and NCI-N87 cells were successfully transfected 
[18].

WST‑1 proliferation assay
The water-soluble tetrazolium (WST-1) proliferation 
assay (Roche Diagnostics) was used to measure cell pro-
liferation after knockdown or stimulation as described 
earlier [17]. Cells were treated with cetuximab (1/10 µg/
ml, Merck), trastuzumab (5/20  µg/ml, Roche), afatinib 
(0.5  µM, Biozol), DMSO (0.05%, afatinib solvent), tras-
tuzumab solvent (described in [17]) or cetuximab sol-
vent (8.48  mg/ml NaCl, 1.88  mg/ml  Na2HPO4 ×  7H2O, 
0.41  mg/ml  NaH2PO4xH2O) for 72  h (cell numbers see 
Table  S1, Additional file  1). In case of stimulation, cells 
were treated with 5 ng/ml recombinant HBEGF or 15 ng/
ml recombinant AREG (R&D Systems).

Statistical analyses for in vitro experiments
Each experiment was repeated at least three times. Data 
are presented as mean with standard deviation. SPSS Sta-
tistics (IBM) was used to calculate one-sample or two-
sample t-test. The significant differences are indicated by 
*p < 0.05, **p < 0.01 or ***p < 0.001. For RNA sequencing 
data, the fold-change was log2-transformed (log2FC) and 
the p-value was adjusted according to Benjamini-Hoch-
berg (FDR, p.adjust).

Clinical study design
In the prospective, observational study VARIANZ 
(NCT02305043) 548 patients were recruited in 35 sites 
[12–15]. Patients received medical treatment for histo-
logical confirmed stage IV metastatic gastric or gastroe-
sophageal junction adenocarcinoma (mGC/mGEJC). 
HER2 status was determined in central pathology by 
immunohistochemistry (IHC) and chromogenic in  situ 
hybridization (CISH) as defined by ToGA study [3]. 
Patients were followed up to 48  months and trastu-
zumab treatment was recorded. The treatment decision 
was based on HER2 status assessed by local pathologies 
(59 patients HER2 positive, 40 patients HER negative, 1 
patient unknown). For 100 patients RNA was extracted 
from formalin-fixed paraffin-embedded (FFPE) tissue 
as described in [21]. The 100 FFPE tissue samples con-
sisted of 49 pre-therapeutic biopsies (29 from patients 
receiving trastuzumab, 20 from patients not receiving 
trastuzumab), 39 resection specimens (20 from patients 
receiving trastuzumab, 19 from patients not receiv-
ing trastuzumab) and 12 metastases (6 from patients 
receiving trastuzumab, 6 from patients not receiving 
trastuzumab). RT-qPCR was applied for relative quantifi-
cation of BMF, HAS2 and SHB mRNA as well as CALM2 
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(calmodulin 2; housekeeping gene) expression by using 
gene-specific TaqMan®-based assays [22]. Forty ampli-
fication cycles were applied and the cycle quantification 
threshold (CT) values of marker genes and the reference 
gene for each sample were estimated as the median of the 
triplicate measurements. The final values were generated 
by using ΔCT from the total number of cycles. The rela-
tive expression levels of the target transcripts were calcu-
lated as 40 – DCT values (DCT = mean CT target gene 
– mean CT housekeeping gene) to yield positively corre-
lated numbers and to facilitate comparisons. This ensures 
that high normalized gene expression values obtained 
by the test are proportional to the high gene expression 
levels.

Statistical analyses of clinical data
The survival analysis was carried out using the Kaplan–
Meier estimation and Cox regression analysis available 
in Matlab R2016b (ecdf and coxphfit, respectively). For 
the Cox regression analysis, the 95% confidence inter-
val was calculated for the estimated hazard ratios (HR) 
to determine significance. HR > 1 indicates high expres-
sion group patients have low survival, HR < 1 suggests 
high survival and HR = 1 indicates a lack of association 
with survival. The variable adjusted in the Cox regression 
was the classification as high or low expression, given an 
optimal gene expression cut-off value. The optimal gene 
expression cut-off value was used to divide the patients 
into high- and low-risk groups. This was obtained by fit-
ting the Cox regression model with a range of plausible 
gene expression cut-off values and by selecting the one 
providing lowest Cox regression p value as the optimal 
one. This was performed individually for each considered 
gene (HAS2, SHB and BMF). We defined gene expres-
sion values higher or equal to the optimal cut-off value as 
high expression, while lower values were defined as low 
expression. For the Kaplan–Meier estimation, significant 
differences between patient groups were assessed using 
the log-rank test.

Results
Differential gene expression
The workflow for gene expression and functional analy-
sis is illustrated in Fig.  1. Genes with log2-fold-change 
(log2FC) > 1 or < -1 and false discovery rate (FDR) < 0.05 
were selected to identify those that were regulated after 
each treatment or are differentially expressed in differ-
ent cell lines (Tables S2-S5, Additional file 1). The func-
tional enrichment analysis for this dataset was already 
described in Ebert et al. [18].

The hypothesis that the regulation of a gene by a spe-
cific treatment indicates its importance for treatment 

response was validated in cell culture or available clinical 
specimens.

Cetuximab treatment changes gene expression in MKN1 cells
We analyzed the gene expression profiles of MKN1 
(cetuximab responder) and Hs746T cells (cetuximab non-
responder) [16, 19] after 4  h or 24  h cetuximab and/or 
EGF treatment. We used EGF and cetuximab treatment 
as we wanted to compare the transcriptional changes of 
a treatment inducing phenotypic response, namely EGF, 
with a treatment inhibiting this response i.e. cetuximab. 
Differential gene expression results for MKN1 cells are 
listed in Table S2 (Additional file 1). The number of dif-
ferentially expressed genes generally increased between 
the 4 h and 24 h time points (compare rows 12/17 (Cetux-
imab) and rows 14/19 (EGF)). EGF showed a stronger 
effect on gene expression than cetuximab (compare rows 
12/14 (24 h) and rows 17/19 (4 h). Cetuximab and EGF 
did not influence the gene expression profile of Hs746T 
cells (not shown).

Trastuzumab treatment changes gene expression in NCI‑N87 
cells
Following treatment with trastuzumab for 4 h and 24 h 
no genes were regulated in the responder cell line NCI-
N87 [17], according to the selection criteria (log2FC > 1 
or < -1 and FDR < 0.05). Nevertheless, we identified 3 
genes (SHB, HAS2, BMF) that had either a logFC or FDR 
close to the selection criteria (Table 1). Trastuzumab did 
not affect gene expression in MKN7, MKN1 or Hs746T 
cells.

Afatinib treatment changes gene expression in NCI‑N87, 
MKN7 and MKN1 cells
The gene expression profile was analyzed in the afatinib 
responder cell lines NCI-N87, MKN1 and MKN7 and the 
afatinib non-responder cell line Hs746T [17]. Differen-
tial gene expression results following afatinib treatment 
are listed in Tables S2-S4 (Additional file  1). The num-
ber of differentially expressed genes generally increased 
between the 4 h and 24 h time points (compare rows 2/7 
of Table S2 (MKN1), rows 2/7 of Table S3, (NCI-N87) 
and rows 2/7 of Table S4 (MKN7)). Afatinib had the 
strongest effect on gene expression in NCI-N87 cells, 
followed by MKN7 and MKN1 cells (compare row 2 of 
Tables S2, S3 and S4 (24  h) and row 7 of Tables S2, S3 
and S4 (4 h)). Afatinib did not affect gene expression in 
Hs746T cells (not shown).

Gene expression changes are similar after trastuzumab 
plus afatinib and afatinib treatment
The gene expression profile of NCI-N87, MKN1, MKN7 
and Hs746T cells following trastuzumab plus afatinib 
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treatment was analyzed. The numbers of differentially 
expressed genes are listed in Tables S2-S4 (Additional 
file 1). Since trastuzumab alone had only a marginal effect 
on gene expression in NCI-N87 cells, its impact in com-
bination with afatinib was investigated. The scatter plot 
was generated to compare the genes that were regulated 
after the combination treatment only. The genes that 

were regulated after trastuzumab plus afatinib treatment 
but were not regulated after afatinib treatment are high-
lighted as red dots in the scatter plot. The red dots are all 
close to a logFC of 1 and -1, respectively. Thus, there is 
no clear difference between genes that were regulated by 
trastuzumab plus afatinib and genes that were regulated 
by afatinib only (Fig. S1, Additional file 2).

Identification of biomarker candidates
Candidate biomarkers for cetuximab treatment were 
identified
We hypothesized that genes that are inversely regulated by 
the EGFR ligand EGF and the EGFR antibody cetuximab 
might be candidate biomarkers for cetuximab response. 
In total, 22 genes were regulated after 4 h and 24 h EGF 
and cetuximab treatment. Of note, only the genes that 
were regulated by EGF as well as by cetuximab after 4 h 
and 24 h are depicted (Fig. 2 a, Table S6, Additional file 2). 
Amongst them are genes that regulate MAPK signal-
ing (DUSP6, SPRY4), EGFR ligands Amphiregulin and 
Epiregulin (AREG, EREG), transcription factors (FOSL1, 

Fig. 1 Workflow for gene expression analysis with identification and validation of candidate biomarkers. Gastric cancer cell lines were treated 
with EGF, cetuximab, EGF plus cetuximab, trastuzumab, afatinib or trastuzumab plus afatinib. The classification of cell lines into responders and 
non-responders was carried out previously: MKN1 cells were responsive to cetuximab treatment, Hs746T cells were non-responsive [16, 19]. 
NCI-N87 cells were trastuzumab-responsive, MKN7 and MKN1 cells were non-responsive. NCI-N87, MKN1 and MKN7 cells were afatinib-responsive, 
Hs746T cells were non-responsive [17]. Regulated genes and biomarker candidates were identified following gene expression analysis. Biomarker 
candidates were validated in cell culture or clinical specimens

Table 1 Regulated genes after 4 h or 24 h trastuzumab 
treatment in NCI-N87 cells

Following trastuzumab treatment no genes were regulated according to the 
selection criteria. The conditions with log2FC or FDR close to the selection 
criteria are indicated in bold

NCI‑N87_4h_Tra vs. NCI‑
N87_4h_untr

NCI‑N87_24h_Tra 
vs. NCI‑N87_24h_
untr

Gene Symbol log2FC FDR log2FC FDR

HAS2 0.2 0.999 ‑0.9 0.246
SHB 0.6 0.058 -0.1 0.996

BMF -0.2 0.999 0.7 0.009
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MYC, EGR2), cytokines (CSF2, IL11, IL8) and the HER-
family feedback inhibitor ERRFI1. All of the genes listed 
in Table  S6 (Additional file  1) were upregulated by EGF 

and downregulated by cetuximab. One exception is EGR2, 
which was downregulated after 24  h EGF treatment but 
upregulated after 4  h EGF treatment. The EGFR ligand 

Fig. 2 Identification of candidate biomarkers for cetuximab treatment in MKN1 cells. a 49 genes were regulated after 4 h cetuximab and EGF 
treatment whereas 143 genes were regulated after 24 h cetuximab and EGF treatment. The 22 genes which were regulated after 4 h and 24 h 
cetuximab and EGF treatment were identified as candidate biomarkers. b The 22 genes which were regulated by cetuximab as well as by EGF 
treatment after 4 h and 24 h were analyzed using the STRING tool. The colors indicate different functional associations (green: textmining, black: 
co-expression, pink: experimentally determined)
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Heparin Binding EGF Like Growth Factor HBEGF was 
significantly regulated following 4  h and 24  h EGF and 
24 h cetuximab treatment but not following 4 h cetuximab 
treatment. Thus, HBEGF was filtered out according to 
the selection criteria. Since the threshold for significance 
was nearly achieved (FDR 0.075) and we were especially 
interested in regulation of EGFR ligands, we considered 
HBEGF as additional candidate biomarker. The analysis 
of functional protein association networks provided by 
the STRING tool revealed connections between the can-
didate biomarkers EREG, AREG, PTHLH, IL8 (CXCL8), 
IL11, CSF2, MYC, HMGA2, SGK1, FOSL1, MAFF, EGR2, 
DUSP6, PHLDA1 and SPRY4 ((https:// string- db. org) 
[23]). Moreover, the analysis revealed MYC, IL8, FOSL1 
and DUSP6 as central hubs, showing many connections to 
other candidate biomarkers (Fig. 2b).

Candidate biomarkers for trastuzumab treatment were 
identified
Since only 3 genes encoding Src Homology-2 domain, 
Hyaluronan Synthase 2 and Bcl-2 modifying factor (SHB, 
HAS2, BMF) that had either a logFC or FDR close to the 
selection criteria were observed, no additional narrowing 
of the biomarker candidates for trastuzumab response 
was necessary (Table 1).

Candidate biomarkers for afatinib treatment were identified
In order to isolate robust biomarkers for afatinib 
response we extracted genes that were regulated at two 
time points in two responder cell lines. The MKN7 cell 
line was excluded from this analysis because of its weak 
response in the proliferation assay [17]. The 45 genes 
that were regulated after 4  h and 24  h afatinib treat-
ment in NCI-N87 and MKN1 cells were considered as 
candidate biomarkers. Of note, only genes that were 
regulated in NCI-N87 as well as in MKN1 cells after 
4 h and 24 h treatment were depicted (Fig. 3a, Table S7, 
Additional file  1). Amongst these are genes that regu-
late MAPK signaling (DUSP4, DUSP5, DUSP6, DUSP7, 
SPRY4), EGFR ligands (AREG, EREG, HBEGF), tran-
scription factors (FOSL1, MYC, EGR2), cytokines 
(CSF2, IL11, IL8), the apoptosis regulator BMF and the 
HER-family feedback inhibitor ERRFI1. Most of the 45 
genes, except BMF, STON1-GTF2A1L, AL590560.1, 
AC027117.2, were downregulated after afatinib treat-
ment. The analysis of functional protein association 
networks, using the STRING tool, revealed connections 
between the candidate biomarkers SPRED1, SPRED2, 
SPRY4, SPRY2, DUSO4, DUSP5, DUSP6, PHLDA1, IER3, 
PLK3, FOS, FOSL1, MAFF, EGR1, F3, IL8 (CXCL8), IL1 
(CXCL1), MYC, AREG, EPHA2, EREG, HBEGF, LIF, 

CSF2, ADORA2B and TNS4 ((https:// string- db. org) [23]). 
DUSP6, FOS, EGR1, MYC and IL8 (CXCL8) were identi-
fied as central hubs showing many connections to other 
genes (Fig. 3b).

Comparison of candidate biomarkers for cetuximab 
and afatinib response
The candidate biomarkers AREG, EREG, HBEGF and the 
central hubs DUSP6, MYC and IL8 were regulated in the 
cetuximab responder and both afatinib responder cell 
lines (Figs. 2 and 3).

Regulated genes were confirmed by qPCR and ELISA
Seven selected genes were validated by qPCR for one treat-
ment time. Three of them were also analyzed on protein 
level by ELISA. The gene expression levels of AREG, EREG, 
HBEGF, BMF, SHB, HAS2 and CD274 (PD-L1) were quali-
tatively confirmed. The Pearson correlation coefficient 
ranged from 0.9877 to 1.000 whilst the Benjamini–Hoch-
berg False Discovery Rate adjusted p-value ranged from 
3.14E-06 to 0.0509 in NCI-N87, MKN1 and MKN7 cells (for 
FDR <  = 0.05). Due to the absence of any treatment effects, no 
correlations were observed in Hs746T cells (Table S8, Fig. 4, 
Fig. S1 and S2, Additional files 1 and 2, data for HBEGF and 
CD274 (PD-L1) were published previously [18]).

The afatinib solvent DMSO was used in the valida-
tion experiments. No changes in gene expression were 
observed after DMSO treatment, except for minor changes 
on SHB expression in NCI-N87 cells. Of note, the men-
tioned effects of DMSO were in opposite direction than 
that of afatinib. Consequently, the effects we observed 
after afatinib treatment are caused by afatinib itself and 
not by its solvent DMSO (Fig. S4-S6, Additional file 2).

Additionally, we validated the RNA sequencing results on 
protein level. The conditioned medium after 24 h treatment 
was used in ELISA assays to detect the presence of secreted 
AREG, EREG and HBEGF. The levels of secreted EREG and 
HBEGF were below detection limit in untreated MKN1, 
NCI-N87, MKN7 and Hs746T cells. HBEGF was measur-
able in EGF-treated MKN1 cells only. In contrast, the AREG 
secretion was measurable in all conditions. The AREG gene 
expression levels measured by qPCR and RNA sequencing 
in MKN1, NCI-N87 and MKN7 cells were qualitatively con-
firmed with the exception of cetuximab-treated MKN1 cells 
(Table S8, Fig. S7, Additional files 1 and 2).

Functional validation of biomarker candidates HBEGF 
and AREG
The HER-family ligands HBEGF and AREG were identi-
fied as candidate biomarkers for cetuximab and afatinib 
treatment. Since no suitable cohort was available for 
clinical validation, we performed in  vitro knockdown 

https://string-db.org
https://string-db.org
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and stimulation experiments to assess the importance 
of HBEGF and AREG for treatment sensitivity in MKN1 
and NCI-N87 cells.

Importance of HBEGF for cetuximab but not afatinib 
response was confirmed by functional analysis
HBEGF gene expression was reduced to 20% on day 1 

Fig. 3 Identification of candidate biomarkers for afatinib treatment in NCI-N87 and MKN1 cells. a 62/335 genes were regulated after 4 h/24 h 
afatinib treatment in NCI-N87 and MKN1 cells. The 45 genes that were regulated after 4 h and 24 h afatinib treatment in NCI-N87 and MKN1 cells 
were identified as candidate biomarkers. b The 45 genes which were regulated in NCI-N87 as well as in MKN1 cells after 4 h and 24 h afatinib 
treatment were analyzed using the STRING Tool. The colors indicate different functional associations (green: textmining, black: co-expression, blue: 
from curated databases, pink: experimentally determined, purple: protein homology)
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and to 37% on day 5 after transfection in MKN1 cells 
(Fig.  5a). The proliferation assay was conducted dur-
ing this time period. The metabolic activity was slightly 
reduced after HBEGF knockdown (HBEGF KD) com-
pared to negative-control siRNA (Ctr) and non-trans-
fected (NT) cells (Fig. 5b). In HBEGF KD cells, cetuximab 
reduced the metabolic activity to 70% (1 µg/ml Cet) and 
68% (10  µg/ml Cet). Cetuximab reduced the metabolic 
activity to 83% (1 µg/ml Cet) and 81% (10 µg/ml Cet) in 

Ctr cells and to 83% (1  µg/ml Cet) and 86% (10  µg/ml 
Cet) in NT cells. The difference in cetuximab sensitiv-
ity between HBEGF KD and Ctr/NT cells was statisti-
cally significant. Afatinib reduced the metabolic activity 
to 64% (HBEGF KD), 62% (Ctr) and 67% (NT), respec-
tively (Fig. 5c). The stimulation with 5 ng/ml HBEGF did 
not alter the metabolic activity of untreated MKN1 cells 
(Fig. 5d). While cetuximab reduced the metabolic activity 
to 85% (1/10 µg/ml Cet) without HBEGF stimulation this 

Fig. 4 Confirmation of trastuzumab candidate biomarkers BMF, HAS2, and SHB. MKN1 a cells were treated with EGF, EGF plus cetuximab (EGF + Cet), 
cetuximab (Cet), trastuzumab (Tra), afatinib (Afa) or trastuzumab plus afatinib (Tra + Afa). NCI-N87 b, c, d were treated with trastuzumab (Tra), 
afatinib (Afa) or trastuzumab plus afatinib (Tra + Afa). The selected treatment times were 24 h for BMF a, b and HAS2 c and 4 h for SHB d. BMF a, b, 
HAS2 c, SHB d gene expression was measured by RNA Sequencing and qPCR. The mean of three biological experiments with standard deviation is 
shown. Statistically significant effects compared to untreated are indicated by *p < 0.05, **p < 0.01 or ***p < 0.001 (one-sample t-test)

(See figure on next page.)
Fig. 5 Effects of cetuximab and afatinib on proliferation after HBEGF knockdown or stimulation in MKN1 cells. MKN1 cells were transfected with 
negative-control (Ctr) or HBEGF (HBEGF KD) siRNA. Non-transfected (NT) cells were used as control. The knockdown was checked on RNA level on 
day 1 (d1) and day 5 (d5) after transfection a. The metabolic activity was measured by WST-1 proliferation assay for 72 h in the untreated b and 
treated c state. MKN1 cells were stimulated with 5 ng/ml HBEGF (+ HBEGF 5) or not stimulated (-HBEGF 5). The metabolic activity was measured 
by WST-1 proliferation assay for 72 h in the untreated d and treated e state. Cells were treated with 1 μg/ml cetuximab (Cet 1), 10 μg/ml cetuximab 
(Cet 10), 0.5 μM afatinib (Afa) or the corresponding solvents (Cet Solv, Afa Solv) for 72 h. Shown are the mean values   from three experiments with 
standard deviation. Significant effects compared to untreated within a group (HBEGF KD, Ctr, NT (c) or + HBEGF 5, -HBEGF 5 (e)) are indicated by 
*p < 0.05, a** p < 0.01 or a***p < 0.001 (one-sample t-test). Significant effects compared to Ctr, NT (c) or –HBEGF (e) with the same treatment are 
indicated by b* p < 0.05 or b** p < 0.01 (two-sample t-test)
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Fig. 5 (See legend on previous page.)
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did not occur in presence of simultaneous HBEGF stimu-
lation. The difference in cetuximab sensitivity observed 
between HBEGF-treated and non-treated MKN1 cells 
was statistically significant. Afatinib decreased the meta-
bolic activity of the cells to 65%, irrespective of HBEGF 
treatment (Fig. 5e).

In NCI-N87 cells, HBEGF was reduced to 21% on day 
1 after transfection and to 56% on day 5 after transfec-
tion (Fig. S8a, Additional file  2). The transfection itself 
reduced the metabolic activity in untreated NCI-N87 
cells, regardless of the presence of HBEGF or negative-
control siRNA (Fig. S8b, Additional file 2). Trastuzumab 
reduced the metabolic activity to 77% (5/20 µg/ml Tra) in 
HBEGF KD cells, to 90% (5 µg/ml Tra) or 83% (20 µg/ml 
Tra) in Ctr cells and to 87% (5 µg/ml Tra) or 78% (20 µg/
ml Tra) in NT cells. Afatinib decreased the metabolic 
activity to 19% (HBEGF KD), 21% (Ctr) or 18% (NT), 
respectively. Thus, HBEGF knockdown did not affect 
trastuzumab or afatinib sensitivity in NCI-N87 cells 
(Fig. S8c, Additional file 2). The stimulation with HBEGF 
slightly increased the metabolic activity in untreated 
NCI-N87 cells (Fig. S9a, Additional file  2). The meta-
bolic activity was reduced to 89% (5  µg/ml Tra) or 90% 
(20  µg/ml Tra) with simultaneous HBEGF stimulation 
and to 81% (5 µg/ml Tra) and 84% (20 µg/ml Tra) with-
out HBEGF stimulation. Afatinib reduced the metabolic 
activity to 13% in presence of simultaneous HBEGF treat-
ment, and to 19% without simultaneous HBEGF treat-
ment. Although the difference in afatinib sensitivity after 
HBEGF stimulation is quite small, it was indeed signifi-
cant (Fig. S9b, Additional file 2).

Importance of AREG for cetuximab and afatinib response 
was not confirmed by functional analysis
The same experiments were carried out for AREG. How-
ever, neither AREG knockdown nor AREG stimulation 
affected the proliferation or the sensitivity to cetuximab, 
trastuzumab, or afatinib (Fig. S10-S13, Additional file 2).

HAS2 and SHB are predictive risk factors for trastuzumab 
therapy response
The gene expression of trastuzumab candidate biomarkers 
SHB, HAS2 and BMF was measured in 100 samples from 
the VARIANZ cohort (one sample from each patient), 
including pre-therapeutic biopsies, resection speci-
mens and metastases [12–15] (see Methods section). The 
patient characteristics are shown in Table 2. Using a Cox-
proportional hazards model, HAS2 (hazard ratio (HR) 
1.7, 95% confidence interval (CI) 1.01–2.73) and SHB (HR 
1.5, 95% CI 1–2.31) were significant risk factors in biop-
sies of trastuzumab-treated patients. Moreover, BMF was 
not identified as beneficial or risk factor (HR 0.8, 95% CI 
0.44–1.3) (Fig.  6a). The Kaplan–Meier curves showed an 

overall survival benefit for trastuzumab-treated patients 
with HAS2 (log-rank test p = 0.0010) or SHB (log-rank test 
p = 0.0373) expression in biopsies below the optimized 
threshold (Fig.  6b and c). Kaplan–Meier curves using 
the quantile threshold 75% for HAS2 and 25% for SHB as 
cut-offs are depicted in Fig. S14, (Additional file 2). These 
effects of HAS2 and SHB were not observed in resec-
tion specimens or all tumor types of trastuzumab treated 
patients (Fig. S15a, b and c, Additional file  2). To clarify 
whether HAS2, SHB and BMF were prognostic biomark-
ers, we analyzed the non-trastuzumab-treated cohort. 
SHB, HAS2 and BMF were not identified as beneficial or 
risk factors in these patients (Fig. S15 d, e and f, Additional 

Table 2 Patient characteristics and patient treatment groups

AEG (adenocarcinoma of the esophagogastric junction) according to the Siewert 
classification, BMI (body mass index), CISH (chromogenic in situ hybridization), 
ECOG (Eastern Cooperative Oncology Group Performance Status), IHC 
(immunohistochemistry), R0 (complete resection), w/o (without)

Characteristics All patients (n = 100)

Age median (years) 65.5 ± 11.4

Sex male 76

female 24

BMI median (kg/m2) 24.1 ± 3.7

ECOG 0–1 88

 > 1 7

Primary tumor location Cardia (AEG I-III) 55

Non-Cardia 44

Chemotherapy treat‑
ment

perioperative 29

w/o perioperative 71

Primary tumor resection yes 48

no 52

R0 36

Grading G1-2 41

G3-4 58

Number of metastatic 
sites

1 64

 > 1 36

Best response Complete Response 6

Partial Response 20

Stable Disease 27

Progressive Disease 30

Central HER2 IHC score 0–1 58

2 16 (11: CISH < 2;
5: CISH ≥ 2)

3 26

Central HER2 CISH score  < 2 61

 ≥ 2 32

Local HER2 IHC score 0–1 28

2 8

3 45

HER2 targeted treat‑
ment

Trastuzumab 55

w/o Trastuzumab 45
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file 2). The Kaplan–Meier curves showed a trend towards 
better overall survival with HAS2 or SHB expression above 
the optimized threshold in patients not treated with tras-
tuzumab (Fig. S16 a and b, Additional file 2) and no signifi-
cance using the quantile threshold 50% (Fig. S17 a and b, 
Additional file 2).

Discussion
Summary and relevance of the results in the context 
of previous studies
We have designed a large puzzle to solve the different 
aspects of HER-targeting in gastric cancer and have 
used different means to explore these aspects. In previ-
ous studies, we have investigated the impact of cetuxi-
mab, trastuzumab and afatinib on the activation of 
the therapeutic targets EGFR and HER2, and whether 
the effects on membrane receptors affect downstream 
signalling.

By analysing the effects of treating the MKN1 cell 
line with epidermal growth factor EGF and cetuxi-
mab, it was shown that the MKN1 cell line was sensi-
tive to treatment with cetuximab in various phenotypic 
assays (proliferation assay, motility assay, invasion assay), 
while other cell lines studied were either not sensitive at 
all (Hs746T, LMSU) or only sensitive in certain assays 
(AGS). Cetuximab inhibited EGFR, MAPK and AKT 
activity and related components of the EGFR pathway to 
varying degrees in the cetuximab-sensitive MKN1 cells. 
In contrast, Hs746T cells did not respond to cetuximab 
treatment. It can be concluded that the different pheno-
typic behavior of the cells was linked to their molecular 
response to treatment. From these results, it can be con-
cluded that components of the EGFR signaling network 
are important regulators of the phenotypic and molecu-
lar response to treatment with cetuximab [16].

We have shown in previous studies that the kinase 
activity of EGFR and HER2 in the gastric cancer cell lines 
NCI-N87, MKN1 and MKN7 is selectively inhibited by 
trastuzumab and afatinib. The efficacy of trastuzumab 
in the cell lines studied depended on whether HER2 was 
activated or not. The effects of treatment with trastu-
zumab monotherapy were not transferred to the intra-
cellular kinase network. In contrast, afatinib alone or in 
combination with trastuzumab inhibited HER kinases in 

all cell lines, i.e. the effects of monotherapy and combi-
nation therapy were transferred to intracellular kinases. 
These observations were complemented by phenotypic 
observation of cell proliferation [17].

A subsequent study compared the effects of cetuximab, 
trastuzumab and afatinib on intracellular kinase activa-
tion and gene expression in gastric cancer cell lines. By 
analysing intracellular kinase activation, it was shown 
that cetuximab and afatinib had effects on MAPK3, 
MEK1, AKT and p70S6K1, although the magnitude of 
the effects differed between cell lines and treatments. 
Gene expression analyses led to the identification of 
important signaling pathways and immune-related sign-
aling pathways that are important for the response to 
cetuximab and afatinib. Furthermore, cell cycle signaling 
pathways were identified as important for the response 
to afatinib. In further experiments, the effects of afatinib 
on motility were investigated by time-lapse microscopy 
and on apoptosis by staining with cleaved caspase 3 with 
the aim of identifying genes involved in the regulation 
of motility and apoptosis after afatinib treatment. The 
phenotypic changes were associated with altered biologi-
cal functions in the Gene Ontology database. The result 
of these analyses was a list of 14 genes predicted to be 
potentially involved in the reduction of motility and a list 
of 44 genes potentially involved in the induction of apop-
tosis following afatinib treatment. We were able to vali-
date these results by assessing motility parameters after 
HBEGF knockdown [18].

We used the gene expression analysis dataset for func-
tional enrichment analyses as described above [18], and 
at the same time we also investigated the regulation of 
gene expression and wanted to explore to what extent 
gene expression differences are suitable for defining can-
didate biomarkers. We now present these new findings 
(both in vitro and clinical) in the current study. Although 
trastuzumab had less impact on gene expression than 
cetuximab or afatinib, we were successful in defining 
BMF, HAS2 and SHB as biomarker candidates. Examina-
tion of gastric cancer samples from the VARIANZ cohort 
revealed that HAS2 and SHB are predictive risk factors 
for response to trastuzumab therapy. The HER fam-
ily ligands AREG, EREG and HBEGF were identified as 
biomarker candidates for treatment with cetuximab and 

Fig. 6 Identification of predictive biomarkers for overall survival in pre-therapeutic tumor biopsies from trastuzumab-treated patients. a 
Distribution of gene expression values and Hazard ratios (HR) obtained for SHB (HR 1.5; 95% CI, 1 to 2.31), HAS2 (HR 1.7; 95% CI, 1.01 to 2.73) and BMF 
(HR 0.8; 95% CI, 0.44 to 1.3). SHB and HAS2 are risk factors for patient overall survival. The error bars show the 95% and boxes the 90% confidence 
interval. Green coloring shows significance. b Kaplan–Meier curves show the overall survival of patients with respect to HAS2 gene expression 
levels. Lower HAS2 gene expression measured in tumor biopsies is beneficial, whereas higher HAS2 gene expression is detrimental for patient overall 
survival under trastuzumab treatment. c Kaplan–Meier curves show the overall survival of patients in relation to SHB gene expression. Lower SHB 
gene expression measured in tumor biopsies is beneficial, whereas higher SHB gene expression is detrimental for patient overall survival under 
trastuzumab treatment. The method employed to obtain the p values was the log-rank test

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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afatinib. However, in subsequent experiments, functional 
validation was only possible for HBEGF. By performing 
HBEGF knockdown experiments when testing drug sen-
sitivity in vitro, we were able to show that HBEGF can be 
considered a resistance factor for cetuximab treatment.

Effects of trastuzumab, cetuximab and afatinib on gene 
expression
Regarding the number of regulated genes, the strongest 
regulation was observed in NCI-N87 cells after afatinib 
treatment followed by afatinib-treated MKN7 and 
MKN1 cells. Smaller numbers of genes were regulated 
after cetuximab treatment in MKN1 cells. Only slight 
changes in gene expression were observed after trastu-
zumab treatment in the responder cell line NCI-N87. 
Trastuzumab has two modes of action: direct inhibition 
of HER2 signaling and antibody-dependent cell-mediated 
cytotoxicity (ADCC) [24, 25]. The discrepancy that tras-
tuzumab is effective in patients but to a lesser extent in 
cell culture can be explained by the absence of immune 
cells in vitro.

Identification of biomarker candidates for trastuzumab, 
cetuximab and afatinib
BMF, HAS2 and SHB were slightly regulated after tras-
tuzumab treatment in the NCI-N87 responder cell line, 
hence they are considered as biomarker candidates. 
Cetuximab and afatinib treatment resulted in regulation 
of hundreds of genes in the responder cell lines. The most 
robustly regulated genes had to be selected by compar-
ing different treatments, treatment times or cell lines. 
Amongst others, AREG, HBEGF and EREG were identi-
fied as biomarker candidates for cetuximab and afatinib 
treatment.

BMF, HAS2 and SHB as candidate biomarkers 
for trastuzumab treatment
The Bcl-2 modifying factor BMF is involved in apoptotic 
processes. We showed an increased BMF gene expression 
after trastuzumab, cetuximab and afatinib treatment in 
gastric cancer cell lines. However, BMF gene expression 
was not confirmed as biomarker for overall survival in 
trastuzumab-treated or non-trastuzumab-treated gastric 
cancer patients.

The Hyaluronan Synthase 2 (HAS2) is important for 
the synthesis of hyaluronan, a core component of the 
extracellular matrix. We observed a slight downregula-
tion of HAS2 after trastuzumab, and a strong downregu-
lation after afatinib and cetuximab treatment in gastric 
cancer cells. Although the HAS2 reduction following 
trastuzumab treatment measured by RNA sequencing 
was not significant, we demonstrated a significant reduc-
tion measured by qPCR. Since we hypothesized that a 

regulation in cultured cells induced by anti-HER therapy 
indicates the importance of the regulated gene as bio-
marker, we analyzed HAS2 gene expression in gastric 
cancer patients treated with trastuzumab. Indeed, HAS2 
was a predictive biomarker for trastuzumab therapy, as 
trastuzumab-treated patients with lower HAS2 expres-
sion showed longer overall survival. Yet, this effect was 
only observed when HAS2 was measured in pre-ther-
apeutic biopsies and not in resection specimens. This 
may be explained by the different handling of resection 
specimens and biopsies in the operating theater. While 
biopsies go directly into fixation, resections take longer 
and the stomach mucosa is prone to autodigestion. Thus, 
we assume that HAS2 RNA is especially susceptible to 
degradation. In the non-trastuzumab-treated cohort, 
the overall survival was not significantly dependent on 
HAS2 expression, but patients with higher HAS2 expres-
sion tended to survive longer. In breast cancer patients, 
higher HAS2 expression is a poor prognostic factor [26]. 
Breast cancer cell lines with an aggressive phenotype 
(MDA-MB-231, HS-578  T) showed higher HAS2 gene 
expression and higher hyaluronan levels than cell lines 
with a less aggressive phenotype. Not only the hyaluro-
nan synthase but also hyaluronan degradation products 
have been associated with survival. The glycan fragment 
HexNAc-HexA-HexNAc measured in tumor stroma of 
gastric cancer FFPE tissues was identified as independent 
prognostic factor for survival [27].

The Src Homology-2 domain containing protein B 
(SHB) is an SH2-domain signal protein. Pleiotropic 
effects of SHB such as regulation of apoptosis, differen-
tiation, proliferation and cytoskeletal alterations were 
shown in various cell types [28]. Our transcriptome anal-
ysis revealed an increase in SHB gene expression after 4 h 
trastuzumab treatment. Analogue to HAS2, SHB gene 
expression was analyzed in gastric cancer specimens. 
SHB was a risk factor and trastuzumab-treated patients 
with lower SHB expression showed better overall sur-
vival, indicating a potential predictive role for SHB in 
trastuzumab response. In the non-trastuzumab-treated 
cohort, patients with higher SHB expression tended to 
survive longer. The limitation that this effect was only 
observed when SHB was measured in biopsies was 
already discussed in the previous paragraph.

We confirmed our hypothesis that the regulation of 
a gene after treatment can indicate its importance for 
response, and thus may be used as biomarker for patient 
stratification, in case of HAS2 and SHB. However, the 
validity of this clinical study is limited due to the small 
sample number. Therefore, a larger patient cohort is 
required for the independent confirmation of our find-
ings. Due to a rate of HER2 amplification or HER2 over-
expression of 6–30% in gastric cancer patients [29], the 
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recruitment of large patient cohorts with indication 
for trastuzumab is difficult and long-lasting. In case of 
the VARIANZ study, 90 of the 514 HER2 characterized 
patients were identified as HER2 positive [13].

The HER‑family ligands as candidate biomarkers 
for cetuximab and afatinib treatment
We identified various candidate biomarkers for cetuxi-
mab and afatinib treatment. In this work we focused on 
the HER-family ligands Amphiregulin (AREG), Heparin 
Binding EGF Like Growth Factor (HBEGF) and Epiregu-
lin (EREG), since they were regulated by both cetuximab 
and afatinib treatment in the responder cell lines at both 
time points. Furthermore, they are of special interest 
because of their function and their ability to be measured 
in human plasma.

AREG, EREG and HBEGF gene expression was reduced 
after cetuximab and afatinib treatment as demonstrated 
by RNA sequencing and qPCR. The altered AREG expres-
sion was additionally confirmed by the level of secreted 
AREG measured by ELISA. So, in case of AREG, the levels 
of secreted AREG mirrored the gene expression results. 
In contrast, secreted HBEGF and EREG were below the 
detection limit although the gene expression was com-
parable or even higher than AREG gene expression. This 
discrepancy indicates that either the translation of EREG 
and HGEBF mRNA into protein or the shedding of mem-
brane-tethered pro-EREG and pro-HBEGF is lower. Thus, 
in our cell lines the function of the endogenous mem-
brane-tethered HBEGF is most likely dominant compared 
to the secreted HBEGF. Similar observations were made 
in NUGC-3 gastric cancer 3D spheroid cultures. Block-
ing of membrane-tethered pro-HBEGF with an antibody 
suppressed cell proliferation and increased caspase activa-
tion. In contrast, an antibody against the secreted HBEGF 
had no influence on cell proliferation [30].

The functional analysis revealed that AREG knock-
down or stimulation had no consequences on prolifera-
tion or sensitivity towards cetuximab, trastuzumab or 
afatinib. HBEGF knockdown or stimulation did not affect 
afatinib sensitivity in MKN1 and NCI-N87 cells or tras-
tuzumab sensitivity in NCI-N87 cells. However, HBEGF 
knockdown increased cetuximab sensitivity, whereas 
HBEGF stimulation abolished cetuximab sensitivity in 
MKN1 cells. Since secreted HB-EGF was not measur-
able, the effect of HBEGF knockdown was mediated by 
membrane-tethered pro-HBEGF. In contrast, the abol-
ished response after stimulation was mediated by solu-
ble HBEGF. We confirmed the previously demonstrated 
cetuximab resistance of MKN1 cells after HBEGF stimu-
lation [31]. Additionally, we showed increased cetuxi-
mab sensitivity after HBEGF knockdown in the present 
work further supporting the role of HBEGF as biomarker. 

HNSCC and colorectal cancer cell lines with acquired 
cetuximab resistance showed, amongst others, upregu-
lated HBEGF gene expression. The resistant phenotype 
of colorectal cancer cells was reversed by HBEGF knock-
down, whereas resistance was not reversed by treat-
ing HNSCC cells with a neutralizing HBEGF antibody 
[32, 33]. The trastuzumab responder cell lines GSU and 
H111-TC demonstrated reduced trastuzumab sensitivity 
after HBEGF, but not AREG stimulation [31]. However, 
our experiments with NCI-N87 cells demonstrated that 
HBEGF stimulation did not affect trastuzumab sensitiv-
ity. Thus, we conclude that AREG knockdown or stimu-
lation has no functional consequences, and HBEGF can 
be considered a cetuximab resistance factor. The effect of 
HBEGF stimulation on trastuzumab sensitivity is most 
likely cell line-dependent.

Conclusions
We compared the effects of cetuximab, trastuzumab and 
afatinib on gene expression in gastric cancer cell lines. 
Strongest regulation of gene expression was observed 
after afatinib treatment followed by cetuximab treatment, 
whereas treatment with trastuzumab had only a limited 
impact. Although trastuzumab had minor effects on gene 
expression, we identified BMF, HAS2 and SHB as can-
didate biomarkers. The gene expression analysis in gas-
tric cancer specimens revealed that HAS2 and SHB were 
predictive risk factors for trastuzumab therapy response 
(Table 3). Therefore, we confirmed our initial hypothesis 
that a gene regulation caused by anti-HER treatment in 
cell culture indicates that the regulated gene can be an 
important biomarker. However, our findings should be 
confirmed in independent patient cohorts.

Amongst others, the HER-family ligands AREG, EREG 
and HBEGF were identified as biomarker candidates for 
cetuximab and afatinib treatment. HBEGF knockdown 
resulted in enhanced cetuximab sensitivity, whereas 
stimulation with HBEGF abolished cetuximab response 
(Table  3). From this functional validation experiments 
we conclude that HBEGF can be considered as a resist-
ance factor for cetuximab treatment. Clinical validation 
of HBEGF could not be carried out within the framework 

Table 3 Summary of functionally or clinically validated 
biomarker candidates

Treatment Candidate 
biomarkers

Functionally 
validated 
biomarker

Clinically 
validated 
biomarkers

Afatinib AREG, EREG, HBEGF - -

Cetuximab AREG, EREG, HBEGF HBEGF -

Trastuzumab BMF, HAS2, SHB - HAS2, SHB
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of this study, but it would of course be very desirable. 
Trastuzumab and afatinib sensitivity were not altered fol-
lowing HBEGF knockdown or stimulation. AREG knock-
down or stimulation did not change sensitivity towards 
cetuximab, trastuzumab or afatinib.

In summary, we were able to show that the anti-HER 
targeted therapeutics investigated differ considerably in 
their ability to influence gene expression. An in-depth 
study of the regulated genes – as a pilot study—enabled 
the identification of biomarker candidates that were sub-
sequently validated functionally and/or clinically to show 
a first indication of importance for predicting treatment 
outcome.
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