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Abstract 

A disintegrin and metalloproteinase 17 (ADAM17) regulates key cellular processes including 
proliferation and migration through the shedding of a diverse array of substrates such as epidermal 
growth factor receptor (EGFR) ligands. ADAM17 is implicated in the pathogenesis of many dis-
eases including rheumatoid arthritis and cancers such as head and neck squamous cell carcinoma 
(HNSCC). As a central mediator of cellular events, overexpressed EGFR is a validated molecular 
target in HNSCC. However, EGFR inhibition constantly leads to tumour resistance. One possible 
mechanism of resistance is the activation of alternative EGFR family receptors and downstream 
pathways via the release of their ligands. Here, we report that treating human HNSCC cells in vitro 
with a human anti-ADAM17 inhibitory antibody, D1(A12), suppresses proliferation and motility in 
the absence or presence of the EGFR tyrosine kinase inhibitor (TKI) gefitinib. Treatment with 
D1(A12) decreases both the endogenous and the bradykinin (BK)-stimulated shedding of HER 
ligands, accompanied by a reduction in the phosphorylation of HER receptors and downstream 
signalling pathways including STAT3, AKT and ERK. Knockdown of ADAM17, but not ADAM10, 
also suppresses HNSCC cell proliferation and migration. Furthermore, we show that heregulin 
(HRG) and heparin-binding epidermal growth factor like growth factor (HB-EGF) predominantly 
participate in proliferation and migration, respectively. Taken together, these results demonstrate 
that D1(A12)-mediated inhibition of cell proliferation, motility, phosphorylation of HER receptors 
and downstream signalling is achieved via reduced shedding of ADAM17 ligands. These findings 
underscore the importance of ADAM17 and suggest that D1(A12) might be an effective targeted 
agent for treating EGFR TKI-resistant HNSCC. 

Key words: ADAM17, inhibitory antibody, HER receptor and ligands, cell proliferation and motil-
ity. 
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Introduction 
Head and neck squamous cell carcinoma 

(HNSCC) is the sixth most common cancer worldwide 
[1]. Up to 40% of HNSCC patients present with meta-
static disease and the 5-year overall survival rate has 
remained around 50% for decades [2]. The epidermal 
growth factor receptor (EGFR) [also known as HER1], 
one of four members of the HER family of trans-
membrane tyrosine kinase growth factor receptors, is 
the most validated therapeutic target in HNSCC [2]. 
Upon activation by its growth factor ligands [e.g. 
amphiregulin (AREG), epiregulin (EPG), and hepa-
rin-binding epidermal growth factor like growth fac-
tor (HB-EGF)], EGFR forms homodimers and may 
pair with another member of the EGFR family recep-
tor to create an activated heterodimer. EGFR dimeri-
zation stimulates tyrosine autophosphorylation of the 
EGFR intracellular domain. This autophosphorylation 
elicits downstream activation and signalling trans-
duction cascades, leading to cell proliferation, migra-
tion and invasion to drive malignant progression [3, 
4].  

Two classes of EGFR inhibitors are in clinical use 
for treating HNSCC: monoclonal antibodies like ce-
tuximab and small molecule inhibitors [5, 6, 7]. Ge-
fitinib, one of the small molecule inhibitors, directly 
inhibits kinase activity of EGFR to activate down-
stream signalling pathways. Although the activity of 
EGFR inhibitors in HNSCC patients is clear, modest 
clinical results have been reported, suggesting either 
the presence of acquired or intrinsic resistance path-
ways [8, 9, 10]. One potential mechanism of resistance 
to anti-EGFR agents is the activation of alternative 
HER receptors via the release of their ligands [11, 12]. 
It has been previously shown that HNSCC cells re-
sistant to the monoclonal antibody cetuximab exhib-
ited increased EGFR levels and upregulation and ac-
tivation of HER2, HER3 and compared with the sen-
sitive parental cell line [13]. Moreover, overexpression 
of HER4 is associated with a higher proliferative rate 
in HNSCC [14]. Thus, there is a pressing need to de-
velop novel agents which can block multiple HER 
receptors and downstream signalling pathways to 
overcome resistance to EGFR inhibition. 

 A disintegrin and metalloproteinase 17 
(ADAM17), also called tumour necrosis fac-
tor-α-converting enzyme(TACE), is a member of the 
ADAM protein family of disintegrins and metallo-
proteases that releases membrane-bound tumour ne-
crosis factor (TNF)-α precursor into a soluble form 
[15]. ADAM17 is involved in regulating HER family 
activation via shedding of HER ligand precursors 
such as transforming growth factor (TGF)-α, EGF, 
AREG, HB-EGF, heregulin (HRG) and EPG, resulting 
in enhanced downstream signalling pathways and 

regulating tumour growth and metastasis as well as 
tumour angiogenesis [16, 17]. Increased mRNA or 
protein level of ADAM17 was shown in several dif-
ferent tumour tissues such as breast [18], colon [19], 
pancreas [20], prostate [21] and renal cancer [22]. In 
breast cancer, ADAM17 was indicated as a prognostic 
marker [23]. Overexpression of its HER ligand sub-
strates TGF-α, HB-EGF, AREG and EPG has been 
correlated with poor outcomes for patients receiving 
therapy [24, 25, 26, 27]. To date, there is evidence that 
ADAM17 might be an attractive therapeutic target for 
the treatment of diverse cancers including HNSCC 
[28, 29]. Similarly, therapies that decrease ADAM17 
activity in conjunction with current treatments may 
enhance response rates in HNSCC. These questions 
have however remained unexplored in HNSCC.  

We previously developed a specific human 
ADAM17 inhibitory antibody, D1(A12), which sup-
presses EGFR ligand and TGF-α shedding in vitro and 
in vivo [30, 31]. Here, we postulate that therapeutic 
response in HNSCC could be ameliorated by dual 
treatment with EGFR and ADAM17 inhibitors. In the 
present study, we exposed a panel of HNSCC cell 
lines to D1(A12) either alone or in combination with 
gefitinib to evaluate its anti-tumour effects using a 
variety of cell-based assays. We also studied the 
mechanism of the inhibitory effects of D1(A12) in or-
der to generate further understanding of ADAM17 
function in HNSCC.  

Materials and methods 
Cell culture and reagents 

The following cell lines were obtained commer-
cially: SCC9, SCC12, SCC13, and SCC25 from the 
American Type Culture Collection (Manassas, VA, 
USA) (Rheinwald and Beckett, 1981). SJG15 cells were 
established from freshly resected HNSCC specimens 
of patients treated at Addenbrooke’s Hospital, Cam-
bridge. Normal primary human keratinocyte cells 
(KN) were obtained from operations to remove excess 
skin at the same hospital. Work with human material 
was carried out in compliance with the UK Human 
Tissue Act (2004), approved by the National Research 
Ethics Service, and appropriate informed consent was 
obtained from patients prior to their operation.  

 All cells were maintained in DMEM-F12 me-
dium supplemented with 10% fetal bovine serum 
(FBS) (Life technologies) in a humidified atmosphere 
of 5% CO2 at 37°C. Dialysed FBS was obtained from 
Sigma-Aldrich. Recombinant human AREG, HB-EGF, 
HRG, EPG, TGF-α and control human IgG were pur-
chased from R&D Systems (Minneapolis, MN, USA). 
Polyclonal antibodies against (Phospho)-EGFR, 
(Phospho)-HER2, (Phospho)-HER3, (Phos-
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pho)-extracellular signal-regulated kinase (ERK), 
(Phospho)-AKT, (Phospho)- Signal Transduction And 
transcription (STAT)3 were from Cell Signalling 
Technology (Danvers, Massachusetts, USA). An-
ti-ADAM17 antibody (ab39162) was purchased from 
Abcam (Cambridge, UK). Gefitinib was obtained from 
Selleckchem (USA). AG 1478, tissue inhibitor of ma-
trix metalloproteinase 3 (TIMP-3) and TNF protease 
inhibitor 2 (TAPI-2) were from Calbiochem (San Die-
go, CA, USA). ADAM17 and β-actin antibodies were 
from Abcam (Cambridge, UK). 24 well BioCoat™ 
Growth Factor Reduced BD Matrigel ™ Invasion 
Chamber was from Science laboratory supplier (Not-
tingham, UK). RayBio human EGFR phosphorylation 
antibody 1 was from RayBiotech (Norcross, USA). 

Enzyme-linked immunosorbent assay (ELISA) 
For detection of endogenous soluble AREG, 

TGF-α and HB-EGF in cell culture media, cells were 
grown in tissue culture treated 96 well plates (Corn-
ing, UK) and then serum deprived for 24 h. The cul-
ture medium was replaced with 100 µl of medium 
supplemented with 1% dialysed FBS (Sigma-Aldrich). 
After treatment for the indicated time period, the su-
pernatants were harvested for determination using a 
commercially available sandwich ELISA (DuoSet kit; 
R&D Systems) according to the manufacturer’s in-
structions. All the samples were assayed in quadru-
plicate.  

Cell proliferation assay 
To assess cell viability, cells were treated in a 

similar way as in ELISA. For multiple dosing treat-
ments, the IncuCyte (Essen Bioscience) live cell im-
aging system was used to measure the cell growth 
based on confluence over time. For single dose treat-
ment and ligands induced cell growth, the 
CellTiter-Glo (CTG) Luminescent Cell Viability Assay 
(Promega) was used to measure the number of viable 
cells following the manufacturer’s instruction. After 
15 min of incubation, the luminescence signal was 
read on the Clarity™ Luminescence Microplate 
Reader (BioTek).  

In vitro motility assays 
To assess the migratory and invasive capacity of 

SCC9 and SCC13 cells using the transwell chamber 
assay, cells were grown in complete medium, serum 
starved for 24 h before dissociation and resuspended 
in serum free medium. For migration, 24 well 
non-coated transwell inserts (8 µm pore size, BD Bio-
sciences) were used. 500 µl of 1×105 cells were seeded 
per transwell insert. For invasion, 500 µl of 2×105 cells 
were seeded per insert in 24 well BD BioCoat™ 
Growth Factor Reduced Matrigel ™ invasion cham-
ber. 750 µl of 10% fetal calf serum (FCS) and serum 

free medium were used as chemoattractant and nega-
tive control, respectively. After 48 h incubation time, 
media was aspirated and cells on the inner side of the 
membrane were removed using cotton swabs. For 
migration, each insert was fixed for 10 min in 100% ice 
cold MeOH, washed with PBS and then stained with 
0.5% crystal violet for 20 min. The membranes were 
then washed with PBS and 10% HAC was used to 
elute the dye. The absorbance was measured at 600 
nm. For invasion, the invaded cells were counted 
manually. Each condition was performed in triplicate. 

The wound closure assay was performed using a 
96 well Essen Imagelock plate (EssenBioscience, UK). 
Cells were grown to confluence followed by 48 h se-
rum starvation. Wounds were made using a 96-well 
WoundMaker, and cells were washed 2×PBS before 
adding drugs. Following assay initiation, images of all 
96-wells were obtained every three hours until assay 
completion using the IncuCyte imaging system. Each 
image was automatically analysed using phase con-
trast image based algorithms. The Relative Wound 
Density (%) metric that analyses both the inside of the 
wound and the outside cell region is used to express 
kinetic wound closure. Each condition was performed 
in 8 replicates. At all conditions, the assay was per-
formed at least three times independently. 

Immunoblotting analysis 
Five HNSCC cell lines and KN were grown in 

10% FCS for 72 h, collected and lysed in ice-cold RIPA 
lysis buffer (1% NP-40, 0.1% SDS, 0.5% sodium deox-
ycholate, 150 mM NaCl and 10 mM Tris-HCl) con-
taining a protease inhibitor cocktail and phosphatase 
inhibitor tablet (Roche). Immunoblotting was also 
used to evaluate the protein levels of EGFR, HER2, 
HER3, AKT, STAT3, ERK and their phosphorylated 
forms with or without BK stimulation. SCC9 and 
SCC13 cells were serum starved 48 h, treated with 0.5 
µM of D1(A12) and human IgG for 2 h in serum free 
medium and then exposed to 10 nM BK for 10 min. 
Cells were harvested and lysed as above.  

The total protein concentration was determined 
using Direct Detect (Millipore). Equivalent amounts 
of proteins (20 μg) were then separated by 10% 
SDS-PAGE and transferred to nitrocellulose mem-
branes (Bio-Rad, Hercules, CA, USA). After blocking 
in Phosphate buffered saline (PBS) containing 4% 
non-fat milk for 1 h, the membranes were incubated 
with primary antibodies at room temperature for 2 h 
and then with horseradish peroxidase (HRP) conju-
gated anti-rabbit antibody (GE Healthcare) at a dilu-
tion of 1:2000 at room temperature for 1 h. Signals 
were detected on X-ray film using the ECL detection 
system (GE Healthcare). Equal protein loading was 
assessed by the expression of β-actin. 
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RNA interference studies 
Cells were seeded in 6 well plates and 24 h later 

10 nM of ADAM17, ADAM10 or non-target (NT) 
siRNAs (Life technologies) were added in DMEM-F12 
plus 10% FBS. 4 h later the medium was refreshed and 
another 10 nM of siRNAs were added. Transfection 
reagent of INTERFERin (Polyplus) was used for 
siRNA transfection. For signalling studies, 72 h after 
siRNA transfection the cells were serum starved for 24 
h then challenged with BK. Cells were washed with 
PBS and lysed in RIPA buffer. For transwell migration 
assay, after 48 h siRNA transfection cells were serum 
starved for 24 h then following the procedures de-
scribed in migration assay. 

Phosphorylation protein array 
To analyse the alterations in phosphorylation of 

EGFR, HER2, HER3 and HER4 with the treatment of 
D1(A12), cells were treated as described in im-
munoblotting. Cells were washed once with ice-cold 
PBS and then extracted with cell lysis buffer provided 
in the RayBio Human EGFR Phosphorylation Anti-
body Array kit (RayBiotech). To use the RayBio 
Phosphorylation antibody Array 1, equal amount of 
cell lysates (100 µg) were added into antibody array 
membrane. After 2 h incubation, the antibody array 
membranes were washed and cocktail of biotinylated 
anti-EGFR was used to detect phosphorylated pro-
teins on activated receptors. After incubation with 
HRP-conjugated streptavidin, the signals were visu-
alized by chemiluminescence. 4 positive controls were 
used to normalize the signals.  

Statistical analysis 
To evaluate significant differences between 

groups, a Student’s t test was performed, with P< 0.05 
considered significant.  

Results 
Analysis of EGFR, HER2, HER3 and down-
stream signalling proteins in human HNSCC 
cell lines and normal human keratinocytes 

We first set out to evaluate the protein expres-
sion levels of EGFR, HER2, HER3, HER4, AKT, ERK, 
ADAM17 and ADAM10 in five HNSCC cell lines and 
normal human keratinocytes using immunoblotting. 
Compared to normal keratinocytes, HNSCC cells 
overexpressed EGFR, HER2, HER3, AKT, ERK, 
ADAM17 and ADAM10 (Fig. 1). HER4 was unde-
tectable. HNSCC cells overexpressed both the 
full-length (120 kD with prodomain) and the mature 
form (85 kD without prodomain) of ADAM17 com-
pared to normal keratinocytes. Interestingly, HER2, 
HER3, p-AKT and p-ERK were also highly expressed 

in SCC9 and SCC13 cells. Total AKT and ERK were 
equally expressed in all five HNSCC cell lines and 
normal human keratinocytes. Based on these results, 
we selected SCC9 and SCC13 cells as cell line models 
to study the effects of inhibition of ADAM17 activity 
and cellular function of HER family in HNSCC. 

 
Figure 1. Characterization of (p-) EGFR, HER2, HER3, (p-) AKT, (p-) ERK1/2 and 
ADAM10/17 expression in 5 human HNSCC cell lines and normal human keratino-
cyte cells (KN). Cell lysates (20 µg) were prepared, resolved by SDS-PAGE, and 
subjected to immunoblotting analysis with the indicated antibodies. SCC9 cells are 
yellow fluorescent protein (YFP) labelled. The prefix “p-” and “TT” refer to phos-
phorylation form and total form of the parentheses. β-actin was used as a loading 
control. 

 

Effect of inhibition of ADAM17 and HER 
ligands on cell proliferation  

Previous studies indicated that HER ligands 
shed by ADAM17 can activate HER receptors and 
downstream signalling pathways, leading to the in-
duction of cell proliferation in prostate cancer cells 
[32]. We therefore investigated whether inhibition of 
ADAM17 sheddase activity by D1 (A12) could de-
crease HNSCC cell proliferation in vitro. Treating 
SCC13 cells with 0.05 µM and 0.5 µM D1 (A12) inhib-
ited proliferation by 7% and 19% (P<0.001) compared 
to PBS treated cells, respectively (Fig. 2A). A similar 
result was obtained in SCC9 cells (data not shown). 
We confirmed the growth inhibition effect elicited by 
multiple doses of D1 (A12) in SCC13 cells using au-
tomated live-cell imaging in vitro. Fig. 2B shows that 
72 h treatment with three doses of 0.25 and 0.5 µM D1 
(A12) significantly inhibited cell growth compared to 
human IgG treated cells. The broad-spectrum metal-
loprotease inhibitor CT1746 was used as a positive 
control [33]. These results suggest that the sheddase 
activity of ADAM17 substantially contributed to cell 
proliferation in HNSCC cells. 
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Figure 2. (A) Effect of a single dose of D1(A12) on the growth of SCC13 cells. Serum starved cells were treated with indicated concentrations of D1(A12) in medium sup-
plemented with 1% dialyzed fetal calf serum (FCS) for 72 h. (B) Effect of ADAM17 inhibition with multiple doses of D1(A12) on the growth of SCC13 cells. Cells were treated 
in the same way as single dose treatment and the growth was monitored by IncuCyte. After 72 h incubation the cell confluence was calculated. CT1746 and human IgG were used 
as positive and negative controls respectively. Each point is the mean ± SD of 8 replicates. (C) D1(A12) sensitizes SCC9 cells and SCC13 cells (D) to gefitinib. Serum starved cells 
were treated with various concentrations of gefitinib and 0.5 µM D1(A12) for 72 h. The viability was measured by CTG and plotted as a percentage of viable cells relative to 
DMSO treatment. Each point is the mean ± SD of 8 replicates. (E) Effect of ADAM17 siRNA on the growth of SCC13 cells. Transfection of ADAM17 siRNA #3 in SCC13 cells 
significantly reduced cell proliferation, compared to non-targeting siRNA control. Each point is the mean ± SD of 4 replicates. (F) Effect of HER ligands on the growth of SCC13 
cells. Serum starved cells were treated indicated concentrations of HRG, HB-EGF with or without 10 µg/ml neutralizing HER3 and HB-EGF antibodies in serum free medium for 
72 h. Each point is the mean ± SD of 4 replicates. (G) Effect of HER ligands on the growth of SCC13 cells. Serum starved cells were treated indicated concentrations of AREG 
and EPG in serum free medium for 72 h. Each point is the mean ± SD of 4 replicates. 
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Gefitinib is a widely-used inhibitor of the EGFR 

tyrosine kinase domain that reduces tumour cell pro-
liferation [34]. Due to the high level of EGFR in SCC9 
and SCC13 cells, we next examined the combined 
effect of treating cells with gefitinib and D1 (A12). As 
expected, exposure to gefitinib (0.0064-100 µM) re-
sulted in a dose dependent growth inhibition. Addi-
tion of 0.5 µM D1 (A12) sensitized the SCC9 cells (Fig. 
2C) and SCC13 cells (Fig. 2D) to gefitinib at lower 
concentrations (0.8-0.0064 µM), indicating potential 
cooperative effects on EGFR. 

We next examined whether siRNA-mediated 
knockdown of ADAM17 could impair cell prolifera-
tion in SCC13 cells. After 72 h incubation, we ob-
served that transfection with ADAM17 siRNA signif-
icantly reduced cell proliferation compared to 
non-transfected cells and cells transfected with 
non-targeting siRNA control, respectively (both 
P<0.001) (Fig. 2E).  

To investigate which HER ligands are responsi-
ble for driving cell proliferation in SCC13 cells, we 
stimulated serum-starved cells with a serial dilution 
of recombinant human HB-EGF, AREG, EPG and 
HRG for 72 h followed by CTG assay. We observed 
that 10 ng/ml and 100 ng/ml HRG significantly 
promoted cell growth to the highest extent compared 
to other ligands at the same concentration (both 
P<0.001) (Fig. 2F). HB-EGF was less potent than HRG 
in promoting cell proliferation. 10 ng/ml and 100 
ng/ml AREG and EPG could also stimulate cell pro-
liferation, but to a lesser extent than HRG and 
HB-EGF (Fig. 2G). To confirm the specificity of the 
HRG effect, we neutralized the HRG ligand with 
human HER3 antibody and found that 10 µg/ml 
HER3 antibody significantly inhibited the induced 
proliferation by 10 ng/ml and 100 ng/ml HRG 
(P<0.001 and P<0.01, respectively). We observed a 
similar effect with anti-HB-EGF antibody as with 
HER3 antibody (Fig. 2F). In addition, we also tested 
the effect of human HER2 antibody on cell prolifera-
tion in SCC13 cells and we found that 10 µg/ml HER2 
antibody did not significantly prevent cell prolifera-
tion (data not shown). Taken together, these studies 
demonstrated that HRG plays a predominant role of 
inducing proliferation in SCC13 cells.  

Effect of inhibition of ADAM17 and HER 
ligands on cell motility 

Previously it was demonstrated that ADAM17 
contributes to tumour cell migration and invasion in 
vitro [34] and EGFR inhibition with gefitinib can de-
crease cancer cell metastasis in vivo [36]. We therefore 
examined whether treatment with inhibitory antibody 
D1 (A12) could affect cell motility in the presence or 

absence of gefitinib in an in vitro wound closure assay. 
Treating SCC9 cells (Fig. 3A) and SCC13 cells (Fig. 3B) 
with D1 (A12) alone showed about 15% and 40% 
(P<0.05) inhibition compared to PBS and human IgG, 
respectively. In both cell lines, gefitinib (0.05 µM~5 
µM) showed a concentration dependent inhibition of 
cell migration. Moreover, treatment with 0.05 µM ge-
fitinib caused a significant decrease in cell migration 
in conjunction with 0.5 µM D1 (A12). The effect of 
inhibition of proliferation by D1 (A12) and gefitinib 
(Fig. 2C and 2D) might also contribute to the reduc-
tion of cell motility because cell growth occurs during 
the process of cell migration. These data indicate that 
inhibition of ADAM17 proteolytic activity resulted in 
a substantial reduction of cell migration in HNSCC 
cells treated with gefitinib or not. 

To further test the effect of D1 (A12)-mediated 
inhibition of cell migration, we coaxed SCC13 cells to 
migrate across uncoated transwell membranes to-
wards the chemoattractant of 10% FCS in vitro for 48 
h. Treatment with 0.2 µM D1 (A12) decreased the mi-
gration of SCC13 cells by 44% (P<0.01) and 38% 
(P<0.05) compared to 10% FCS and human IgG con-
trols, respectively (Fig. 3C). Using growth factor re-
duced Matrigel-coated transwell membranes, we 
found that the invasive behaviour of SCC13 cells was 
impaired by 84% (P<0.01) and 61% (P<0.05) due to 0.2 
µM D1(A12) compared to 10% FCS and human IgG 
controls, respectively after 48 h (Fig. 3G). 

We next examined whether siRNA-mediated 
knockdown of ADAM17 could interfere with SCC9 
and SCC13 cell migration. We confirmed potent 
knockdown of ADAM17 at the protein level in SCC9 
(Fig. 3D (b)) and SCC13 cells (Fig. 3E (b)) by im-
munoblotting. After 24 h of transwell migration, we 
found that transfection with ADAM17 siRNAs sig-
nificantly reduced the migration of SCC9 cells by 47% 
(P<0.05) (Fig. 3D (a)) and SCC13 cells by 26% (P<0.05) 
(Fig. 3E (a)), compared to cells transfected with 
non-targeting siRNA controls.  

In order to identify which EGFR ligands play a 
role on cell motility, we performed a wound closure 
assay to examine the effects of HB-EGF and AREG on 
SCC13 cell motility. SCC13 cells were treated with 5 
ng/ml HB-EGF and 5 ng/ml AREG alone or with 
inhibitors and 10 µg/ml anti HB-EGF antibody in 
serum free medium. After 15 h the motility of the 
HB-EGF and AREG treated cells was significantly 
increased by 120% and 70% over untreated cells, re-
spectively. Anti HB-EGF antibody and 0.5 µM D1 
(A12) inhibited HB-EGF induced migration by 75% 
and 30%, respectively (Fig. 3F). TGF α and HRG did 
not enhance SCC13 cell migration, while EPG and 
AREG similarly induced cell migration (data not 
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shown). Taken together, these data suggest that 
HB-EGF plays a leading role in promoting the mi-
gratory activity of SCC13 cells compared to other 

growth factors, which is consistent with previous 
findings [37].  

 

 
Figure 3. (A-B) Effect of D1(A12) and gefitinib on cell migration and invasion. Cells were treated with indicated concentrations of gefitinib in the presence or absence of 
D1(A12). As a single agent, D1(A12) reduced SCC9 (A) and SCC13 (B) cell migration, compared to human IgG treated cells. Combined 0.05 µM gefitinib with 0.5 µM D1(A12) 
showed a significant reduction of cell migration in SCC9 (A) and SCC13 (B) by a wound closure assay. Each point is the mean ± SD of 8 replicates. (C) Effect of D1(A12) on SCC13 
cell migration by a transwell migration assay. 0.2 µM D1(A12) significantly decreased cell migration compared 0.2 µM human IgG treated cells. Each point is the mean ± SD of 3 
replicates. (D-a) Effect of ADAM17 siRNA on SCC9 cell migration. Transfection of ADAM17 siRNA #3 in SCC9 cells significantly reduced cell migration by a transwell migration 
assay, compared to non-targeting siRNA control (*P<0.05). Each point is the mean ± SD of 3 replicates. (D-b) immunoblotting analysis of ADAM17 in cells transfected with 
ADAM17 siRNA, non-targeting siRNA and non-transfected cells. (E-a) Effect of ADAM17 siRNA on SCC13 cell migration. Transfection of ADAM17 siRNA #3 in SCC13 cells 
significantly reduced cell migration by a transwell migration assay, compared to non-targeting siRNA control (*P<0.05). Each point is the mean ± SD of 3 replicates. (E-b) 
immunoblotting analysis of ADAM17 in cells transfected with ADAM17 siRNA, non-targeting siRNA and non-transfected cells. (F) Effect of HB-EGF and AREG on SCC13 cell 
migration by a wound closure assay. Cells were treated with indicated agents with or without inhibitors. Data are shown as percentage of control. The values above the x-axis 
mean the inhibition of cell migration and the values below the x-axis mean the promotion of cell migration. TNF protease inhibitor 2 (TAPI-2), a broad-spectrum inhibitor of 
ADAMs and other matrix metalloproteinases, was used as a positive control. (G) Effect of D1(A12) on SCC13 cell invasion by a transwell invasion assay. D1(A12) treated cells 
significantly decreased invasion ability compared to human IgG treated or untreated cells. Each point is the mean ± SD of 3 replicates. Each point is the mean ± SD of 8 replicates. 
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Effect of inhibition of ADAM17 on shedding of 
HER ligands  

Given that inhibiting the sheddase activity of 
ADAM17 using D1 (A12) suppresses HNSCC cell 
proliferation and motility, we next investigated 
whether treatment with D1 (A12) reduces the levels of 
ligands known to be shed by ADAM17 into cell cul-
ture medium. AREG was abundantly present in 
HNSCC cell culture media compared to other EGFR 
ligands such as HB-EGF, TGF-α and TNF-α (data not 
shown). Analysis of supernatants after a 72 h incuba-
tion by ELISA showed that the endogenous shedding 
of AREG was significantly decreased by the addition 
of D1 (A12) at a serial of concentrations (0.05 µM~ 0.5 
µM) in SCC9 cells (Fig. 4A) and SCC13 cells (Fig. 4B). 
This was also true for the shedding of HRG in SCC13 
cells (at 0.1 µM, P<0.05; at 0.2 µM and 0.5 µM, P<0.01) 
(Fig. 4C). Human IgG was used as negative control. A 
similar result was also seen in SJG15 cells (data not 
shown). These results indicate that ADAM17 is a ma-

jor sheddase for AREG in SCC9 and SCC13 cells. We 
only measured soluble HRG (a specific ligand of 
HER3) in SCC13 cell culture media because we ob-
served that D1 (A12) treatment resulted in the reduc-
tion of phosphorylation of HER3 only in SCC13 cells 
(see Fig. 6A).  

ADAM10, which is closely related to ADAM17, 
was found to be the major sheddase for betacellulin 
and EGF [38]. We next sought to determine which of 
these ADAMs is responsible for shedding of AREG. 
ELISA analysis of cell culture media after a 72 h 
siRNA treatment revealed that the endogenous shed-
ding of AREG was significantly inhibited by 
ADAM17 siRNA compared to cells transfected with 
ADAM10 siRNA (P<0.01) and with non-targeting 
siRNA controls (P<0.001), respectively (Fig. 4D). As 
expected, betacellulin was significantly suppressed by 
ADAM10 siRNA not by ADAM17 siRNA (data not 
shown). 

 

 
Figure 4. (A-C) D1(A12) inhibits endogenous AREG and HRG shedding in SCC9 and SCC13 cells. Cells were seeded in complete medium, followed by 24 h serum starvation 
and then treated with a serial of dilutions of D1(A12) and human IgG for 72 h in medium supplemented with 1% dialyzed fetal calf serum (FCS). AREG and HRG were measured 
by ELISA in the supernatants collected after treatments. Each point is the mean ± SD of 4 replicates. (D) Effect of ADAM10/ 17 siRNA on AREG shedding in SCC13 cells. 
Transfection of ADAM17 siRNA #3 significantly decreased the production of soluble form of AREG, compared to non-targeting siRNA control (P<0.001) and to cells transfected 
with ADAM10 siRNA (P<0.01). Each point is the mean ± SD of 4 replicates. 



Int. J. Biol. Sci. 2014, Vol. 10 
 

 
http://www.ijbs.com 

710 

Effect of BK on shedding of HER ligands, cell 
proliferation and migration  

BK, an important pro-inflammatory peptide, 
stimulates the kinin B1 and B2 receptors which belong 
to G protein coupled receptor (GPCR) family [39]. 
Previous studies have shown that BK induced GPCR 
transactivation of EGFR depends on the shedding of 
pro-ligands by ADAM 17 activation [40] and com-
bined inhibition of EGFR and GPCR showed syner-
gistic killing of HNSCC cells [41]. We therefore stud-

ied whether D1 (A12) can block the induced AREG 
shedding by BK in SCC9 and SCC13 cells. Seven-
ty-two hours treatment of these two cell lines with 
increasing concentrations of BK (0.1-10 nM) showed 
that BK induced a concentration-dependent increase 
of AREG shedding in SCC9 (Fig. 5A) (at 10 nM, 
P<0.05) but not in SCC13 cells. 0.2 µM D1 (A12) 
showed significant inhibition of AREG shedding with 
1 nM and 10 nM BK stimulation (P<0.05).  

 

 
Figure 5. (A-B) D1(A12) inhibits BK induced the increase of AREG shedding in SCC9 cells and SCC13 cells. Cells were seeded in complete medium, followed by 48 h serum 
starvation and then treated with series of concentrations of BK with or without 0.2 µM D1(A12) for 72 h in SCC9 and 2 h in SCC13 cells in medium supplemented with 1% 
dialyzed fetal calf serum (FCS). AREG and HRG (C) were measured by ELISA in supernatants collected after treatments. Each point is the mean ± SD of 4 replicates. (D) Effect 
of BK on cell growth in SCC13 cells with or without the addition of D1(A12). Cells were seeded in complete medium, followed by 24 h serum starvation and then treated with 
series of concentrations of BK with or without 0.2 µM D1(A12) for 72 h in medium supplemented with 1% dialyzed FCS. The viability was measured by CTG and plotted as viable 
cells. Each point is the mean ± SD of 4 replicates. (E) Effect of BK conditioned medium (CM) on SCC13 cell migration by a wound closure assay. Cells were treated with either 
different inhibitor treated conditioned medium or fresh medium. Each point is the mean ± SD of 8 replicates. Tissue Inhibitor of Metalloproteinase-3 (TIMP3), a potent inhibitor 
of ADAM17, was used as a positive control. 
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In order to examine at what time point BK could 
induce AREG shedding in SCC13 cells, a time course 
experiment was performed at 10 min to 72 h with a 
series of concentrations (0.1-10 nM). At 10 min and 2 h 
a significant increase of AREG shedding was ob-
served with 10 nM BK and the amount of soluble 
AREG at 2 h was two times more than at 10 min (data 
not shown). Thus, we repeated the BK stimulation for 
2 h with or without the addition of 0.2 µM D1 (A12) 
and found that the increase of soluble AREG was sig-
nificantly attenuated by D1 (A12) (at 1 nM, P<0.05; 10 
nM, P<0.001) (Fig. 5B). Similarly, we observed that D1 
(A12) significantly decreased (P<0.05) the output of 
soluble HRG induced by a 2 h stimulation with 10 nM 
BK (Fig. 5C). 

BK is capable of stimulating proliferation via 
transactivation of EGFR in HNSCC [40, 41] and breast 
cancer cells [42]. However, we only observed that 72 h 
treatment with BK promoted cell growth (at 0.1 nM, 
P<0.05; 1 and 10 nM, P<0.01 compared to untreated 
cells) and the addition of 0.2 µM D1(A12) significantly 
attenuated the cell proliferation induced by 10 nM BK 
(P<0.05) in SCC13 cells (Fig. 5D). No obvious cell pro-
liferation change was observed in SCC9 cells after 72 h 
BK treatment (data not shown).  

To study whether BK induces SCC13 cell migra-
tion and whether treatment with D1 (A12) can coun-
teract this effect, conditioned media from SCC13 cells 
treated with indicated diverse inhibitors was used in a 
scratch wound assay. As shown in Fig. 5E, the 24 h 
migration assay showed that 0.5 µM D1 (A12) reduced 
the migration of SCC13 cells by 36% (P<0.01) and 27% 
(P<0.001) compared to PBS and human IgG treated 
cells, respectively. Freshly added D1(A12) in PBS re-
duced cell migration by 33% (P<0.001). Positive con-
trols of recombinant human TAPI 2 and TIMP 3, 
pharmacological inhibitors of ADAM17 and AG1478, 
EGFR tyrosine kinase inhibitor, inhibited SCC9 and 
SCC13 cell migration as expected. 

Inhibition of ADAM17 blocks BK induced 
GPCR transactivation of HERs and 
downstream signalling  

It was reported that BK action on its GPCR can 
transactivate EGFR through activation of ADAM17 to 
generate activating ligands in tumour cells [40]. We 
have shown that D1 (A12) can block BK induced 
AREG and HRG shedding, cell proliferation and mi-
gration in SCC13 cells. To understand how D1(A12) 
performs these cellular functions, SCC13 cells were 
first treated with D1(A12) and indicated diverse in-
hibitors as positive controls for 2 h in serum free me-
dium. Human IgG used as a negative control. Cells 
were then challenged with BK for 10 min to transac-
tivate EGFR. Western blotting analysis revealed that 

D1(A12) decreased the phosphorylation of EGFR, 
HER3, STAT3, AKT and ERK in SCC13 cells (Fig. 6A) 
and the phosphorylation of EGFR and ERK in SCC9 
cells (Fig. 6B). Silencing ADAM17 expression by 
siRNA in SCC13 cells also diminished the phosphor-
ylation of EGFR and ERK (Fig. 6C). In order to find 
out whether ADAM10 is involved in BK induced 
GPRC transactivation of EGFR, we knocked down 
ADAM10 in SCC13 cells. Fig. 6D showed that 
ADAM10 knockdown did not affect the phosphoryla-
tion of EGFR and ERK, suggesting the dominant role 
of ADAM17 in this signal transduction cascade. 

To investigate whether BK can transactivate 
HER2, HER3 and HER4 along with EGFR and 
whether D1(A12) can prevent this induction in SCC13 
cells, the RayBio human EGFR phosphorylation anti-
body array 1 was used to detect the relative levels of 
phosphorylation at specific sites of human HER fam-
ily proteins. Fig. 6E shows that the phosphorylation of 
HER 3 (Y1222) was decreased by D1 (A12) compared 
to untreated or human IgG treated cells. Next, im-
munbolotting analysis of protein array showed that 
D1(A12) reduced the autophosphorylation of HER 2 
at Tyr1112/Ser1113, HER3 at Tyr1222/Tyr1289 and 
HER4 at Tyr1284 sites (Fig. 6F) compared to human 
IgG treated cell lysate. Signals were normalized as 
signal intensity for a particular spot divided by aver-
age signal intensity of 4 positive controls on the same 
membrane. Those specific sites were decreased to 
different ratio of intensity compared to human IgG 
control (Fig. 6G). Thus, D1(A12) can reduce the 
phosphorylation of specific sites on HER-family pro-
teins.  

Discussion 
Despite the success of EGFR inhibition therapy 

in HNSCC, the acquisition of drug resistance is 
common and leads to tumour recurrence. Thus, there 
is a pressing need to identify new avenues to over-
come this roadblock. In this study, we use a human 
inhibitory antibody against ADAM17 and a siRNAs 
approach to reveal a key role for ADAM17 in driving 
proliferation and motility of HNSCC cells. We show 
that an ADAM17 inhibitory antibody D1 (A12) can 
block the shedding of HER ligands, as well as 
BK-induced cell proliferation and migration (Fig. 2 
and 3). Intriguingly, treatment with D1 (A12) can re-
duce the activation of all four HER family receptors 
and their downstream signalling pathways (Fig. 6). 

A potential mechanism of resistance to EGFR 
inhibition is the activation of other HER family re-
ceptors, which mediate proliferation, migration and 
cell survival [4]. We observed that D1 (A12) inhibited 
phosphorylation of multiple tyrosine residues for 
EGFR, HER 2, HER3 and HER4 under the stimulation 
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of BK (Fig. 6). Given that these HER family proteins 
are emerging as potential therapeutic targets in di-
verse cancer types, the ability of D1 (A12) to act as a 

broad HER TKI may be therapeutically valuable in 
HER-driven tumours [43]. 

 

 
Figure 6. Effect of D1(A12) on the phosphorylation of HER family receptors and downstream signalling molecules under BK stimulation in HNSCC cells. (A) SCC13 cells were 
pre-incubated with different inhibitors for 2 h then treated with 10 nM BK for 10 min, after which the cell extracts were immunoblotted with the indicated antibodies. (B) SCC9 
cells were treated in the same way as SCC13 cells and analysed with indicated antibodies. (C-D) Effect of ADAM17 siRNA and ADAM10 siRNA on the phosphorylation of EGFR 
and ERK in SCC13 cells. Cells were transfected with 3 different siRNAs and non-targeting siRNA. 72 h later, cells were serum starved for 48 h and then challenged with 10 nM 
BK for 10 min. After cell lysis, equal amount of proteins were analyzed by immunoblotting with indicated antibodies. (E-F) Effect of D1(A12) on the phosphorylation of HER family 
receptors in SCC13 cells. (E) Cells were treated as in A and analysed by immunoblotting with indicated antibodies. The same cell extract as 6E were exposed to the RayBio human 
EGFR phosphorylation antibody array 1 as described in M&M. (F) On each membrane, the left upper corner and right lower corner were spotted with positive control used for 
signal normalisation. The left lower corner was spotted with pan HER 1, 2 and 3. Five different phosphorylation sites of HER2, HER3 and HER4 were detected in the middle part 
of the membrane. (G) Normalisation of D1(A12) treated signals to human IgG treated signals. Signal intensity for a particular spot was divided by the average signal intensity of 
4 positive controls on the same array membrane. Each phosphorylation site was spotted duplicate. 
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Resistance to EGFR inhibition may also result 
from the activation of EGFR downstream signalling 
pathways in squamous cell cancer. Of note, STAT3 is 
overexpressed in HNSCC [44] and AKT has been 
linked to poor prognosis [45]. Moreover, an toxin 
specifically targeting ERK/MAPK-dependent cells 
showed anti-tumour effects in HNSCC cell lines [46]. 
Interestingly, our anti-ADAM17 inhibitory antibody 
supresses the activation of STAT3, AKT and ERK in 
HNSCC cells, suggesting that blockage of ADAM17 
can sensitize cells to EGFR inhibition. 

Because considerable evidence suggests that 
particular ADAMs are causally involved in cancer 
formation and progression, it might be expected that 
inhibition of these proteases could be beneficial for 
cancer treatment. Despite the high therapeutic poten-
tial of ADAM inhibition, all clinical trials using 
broad-spectrum metalloprotease inhibitors have 
failed so far due to poor bioavailability, pharmacoki-
netic problems, non-selectivity or musculoskeletal 
side effects [47]. Zhou and colleagues [48] demon-
strated a low molecular weight molecule INCB3619, a 
dual ADAM10/17 inhibitor, prevents the processing 
of multiple HER ligands and activation of EGFR and 
HER3 signalling and has been shown to inhibit tu-
mour cell growth in several different models such as 
non-small cell lung cancer and breast cancer. Simi-
larly, the proliferation of breast cancer cell lines could 
be inhibited using anti-ADAM17 antibodies [18]. 
Compared to other available metalloprotease inhibi-
tors, D1 (A12) is a highly specific human ADAM17 
inhibitory antibody and not active against other 
ADAM family metalloproteases and therefore it could 
provide a far superior drug safety profile and less side 
effects in preclinical models.  

Additional signalling cross-talk between EGFR 
and other growth factor receptors might play a role in 
HNSCC, although the impact of these signalling in-
teractions for pathway activation and resistance to 
therapy are not fully understood. A number of studies 
have shown the enhanced effects of combined tar-
geted agents in various types of cancers, such as the 
combination of cMET and gefitinib in non-small-cell 
lung cancer (NSCLC) [49], the combination of MEK 
inhibitor and gefitinib in lung cancer cells [50], the 
combination of the mammalian target of rapamycin 
(mTOR) and gefitinib in breast cancer cells [51]. 
Therefore, exploring the combination of D1(A12) with 
other targeted therapies to achieve anti-tumour effects 
in HNSCC is worthy of investigation.  
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