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Abstract: ErbB family members that contain EGFR, HER2, HER3 and HER4 play important roles in many cancer 
types, including head and neck; however, inhibition of these receptors by small molecule kinase inhibitors showed 
limited results due to compensatory up-regulation of some key survival signaling pathways. Here, we explore the 
effectiveness of Afatinib, an irreversible inhibitor of EGFR, HER2, and HER4, in combination with the MEK inhibitor 
PD0325901 to inhibit cisplatin-resistant head and neck squamous cell carcinoma (HNSCC). We treated two cispl-
atin-resistant HNSCC cell lines, UMSCC74B and O28, with Afatinib, PD0325901, or a combination, and measured 
signaling pathways, cell proliferation, and survival. We found that Afatinib blocked Akt/mTOR activity and phosphory-
lation of EGFR, HER2 and HER3, but up-regulated MEK/ERK signaling. Interestingly, MEK inhibitor PD0325901 
blocked ERK phosphorylation, but elevated phosphorylation of Akt and mTOR pathways. Similarly, Afatinib and 
PD0325901 inhibited all these pathways and synergistically suppressed cell proliferation and survival. Our data 
demonstrate that Afatinib in combination with MEK inhibitors could provide a potential novel therapy for cisplatin-
resistant head and neck squamous cell cancer.
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Introduction

Head and neck cancers are cancers that occur 
in different organs in the head and neck re- 
gions, including the oral cavity, tongue, phar-
ynx, paranasal sinuses, the nasal cavity, and sa- 
livary glands. Head and neck cancers account 
for approximately 4% of all cancers in the 
United States [1]. Pathologically, most head 
and neck cancers are squamous cell types 
(HNSCC). Although there have been many ad- 
vances in basic research and clinical therapy, 
the 5-year overall survival rate of head and 
neck cancer patients has remained below 50% 
[1-3]. The poor prognosis of head and neck can-
cer is mainly due to cancer recurrence and 
metastasis in a large of potion of patients after 
classic therapies such as surgery, radiation, or 
combination. Cisplatin is the only treatment 
option available for patients with recurrent and 

metastatic HNSCC, but nearly all these patients 
eventually become resistant to this treatment 
and die within one year [4, 5]. Therefore, finding 
effective regimens for cisplatin-resistant head 
and neck is the key to improving patient survival 
rate.

ErbB family members that contain EGFR, HER2, 
HER3, and HER4 play important roles in head 
and neck cancer [6-9]. Clinical results demon-
strated that targeting EGFR using the EGFR 
antibody Cetuximab enhanced the effective-
ness of radiation therapy for early-stage HNSCC 
patients and improved prognosis for late-stage 
patients taking cisplatin-based multiple thera-
py, which led to 2 to 3 months of prolonged life 
[10-12]. Since Cetuximab is extremely expan-
sive, it would be ideal to use small molecule 
kinase inhibitors instead. Currently, the FDA-
approved treatments that include ErbB family 
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targets mainly contain the EGFR inhibitors, 
Gefitinib and Erlotinib, dual EGFR and HER2 
inhibitor, Lapatinib, and Afatinib that targets 
EGFR, HER2, and HER4. These small inhibitors 
have already been included as a routine part of 
therapy in lung and breast cancers, but not for 
head and neck cancer to date [13]. Although 
clinical studies demonstrated that addition of 
Gefitinib, Erlotinib, or Afatinib into chemothera-
pies containing cisplatin had no improvement 
on patient survival rate, the potential roles of 
these inhibitors for clinical use in of head and 
neck cancer treatments have been an impor-
tant focus of study [10, 14, 15]. One would 
expect to identify the crucial druggable targets 
that are up-regulated by these kinase inhibitors 
through compensatory mechanisms. Currently, 
Afatinib, as an irreversible inhibitor of EGFR, 
HER2 and HER4, seems to be the most attrac-
tive one of these inhibitors [10, 15-19].

In this study, we explored the role of the MEK/
ERK pathway to regulate the effectiveness of 
Afatinib to inhibit cisplatin-resistant HNSCC. 
We found that Afatinib inhibited phosphoryla-
tion of EGFR, HER2, and HER3, as well as the 
Akt/mTOR pathway activity, but enhanced pho- 
sphorylation of ERK. MEK inhibitor PD0325901 
blocked basal and Afatinib-induced phosphory-
lation of ERK and synergized with Afatinib to 
suppress cell proliferation and survival of cispl-
atin-resistant HNSCC.

Materials and methods

Cell lines

HNSCC cell line UMSCC74B was the generous 
gift of Dr. Thomas E. Carey (University of Mi- 
chigan, Ann Arbor, MI, USA). The O28 cell line 
was obtained from Dr. Zhongmin Guo and origi-
nally from Johns Hopkins University School of 
Medicine (Baltimore, MD) [20]. All cells were 
cultured in Dulbecco’s modified Eagle’s medi-
um (DMEM) supplemented with 10% fetal 
bovine serum (FBS), 2 mM glutamine, and 100 
U/mL penicillin and streptomycin (Gibco). 

Reagents and antibodies

Protease and phosphatase inhibitors were pur-
chased from Roche and CHAPS was obtained 
from Pierce. Afatinib and PD0325901 were pur-
chased from Selleckchem. Antibodies again- 

st phospho-EGFR-Y1068 (CST-3733), phospho-
HER2-Y1248 (CST-2247), HER2 (CST-4290), 
phospho-HER3-Y1289 (CST-2842), HER3 (CST-
12708), phospho-Akt-S473 (CST-4508), Akt 
(CST-2938), phospho-S6 (CST-2211), S6 (CST-
2317), phospho-ERK-T202/Y204 (CST-4370), 
ERK (CST-4348), cleaved caspase 3 (CST-96- 
64), and GAPDH (CST-5174) were purchased 
from Cell Signaling. Anti-EGFR (SC-03) was pur-
chased from Santa Cruz Biotechnology.

Cell lysis and western blot analysis

Cells were lysed and immunobotted as de- 
scribed previously [21]. 

Cell proliferation assays

Cells were split into in 96-well plates in tripli-
cate at 3 × 103 cells/well and cultured in the 
presence or absence of single or double inhibi-
tors with indicated concentrations. After three 
days, 3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxy- 
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazoli-
um (MTS) compound (Promega, Cat#: G3580) 
was added and incubated at 37°C for 1 hour 
prior to colorimetric readouts at 490 nm on a 
Versamax Microplate Reader (Molecular De- 
vices). The combination index values were de- 
termined according to the Chou-Talalay method 
using CalcuSyn software [22]. 

Measuring apoptosis by Annexin V/propidium 
iodide staining

Cells were trypsinized, washed once with PBS 
and Annexin V binding buffer, and re-suspend-
ed in 1 mL Annexin V binding buffer. Cells were 
then stained with 0.5 μL of Annexin V and 0.7 
μL of propidium iodide (PI) for 15 minutes at 
room temperature. Cells stained were then 
analyzed by flow cytometry on the BD FAC- 
SCanto II™ Cell Analyzer (BD Biosciences). We 
used FCS Express 6 to analyze data. Ex- 
periments were performed twice in triplicate 
and statistical analysis was performed.

Statistical analysis

Data are presented as mean ± SD. Statistical 
analysis was performed using GraphPad Prism 
version 7.04 (GraphPad Software, Inc.). P val-
ues < 0.05 were considered as statistically 
significant.
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Results 

Afatinib induces the MEK/ERK pathway in 
cisplatin-resistant HNSCC cells

UMSCC74B cells were derived from a patient 
with recurrent tongue squamous cell carcino-
mas after cisplatin and radiation therapies 
[23]. We demonstrated that this cell line was 
resistant to cisplatin in vitro with an IC50 of 18 
µmol/l (data not shown). We examined the 
effects of Afatinib treatment on the phosphory-
lation and total protein expression of EGFR, 
HER2, HER3, HER4, Akt, S6 (a downstream  
target of mTOR), and ERK (a downstream target 
of MEK kinase) in these cells. Cells were first 
treated with increasing doses for 24 hours 
before they were lysed. As shown in Figure 1A, 
the phosphorylation of EGFR, HER2, and HER3 
decreased in a dose-dependent manner (Figure 
1A, left panel). We found that phosphor-HER4 
and total HER4 were undetectable in this cell 
line (data not shown). Consistent with the above 
inhibition results, Akt and S6 phosphorylation 
were also inhibited, while the total protein lev-

ly under clinical trials for treatment of multiple 
cancer types [24-27]. UMSCC74B cells were 
treated with increasing doses of PD0325901 
for 24 hours. As shown in Figure 2A, the phos-
phorylation of ERK was reduced in a dose-
dependent manner, whereas the total level of 
ERK remained unchanged (Figure 2A, left 
panel). In addition, the phosphorylation of Akt 
and S6 (downstream of mTOR) was elevated 
while the total levels of these proteins remained 
the same (Figure 2A, left panel). Similar results 
were found in O28 cells (Figure 2A, right panel). 
Our data demonstrated that the PI3K/Akt/
mTOR cascade was elevated in some cisplatin-
resistant HNSCC, while MEK/ERK pathways 
were inhibited (Figure 2B). 

Inhibition of both PI3K/Akt/mTOR and MEK/
ERK pathways by combination of Afatinib and 
PD0325901

We next determined whether a combination of 
Afatinib and PD0325901 could block PI3K/
Akt/mTOR and MEK/ERK pathways. UMSCC74B 
cells were treated with either DMSO, Afatinib, 

Figure 1. Afatinib inhibits EGFR, HER2, and HER3, as well as Akt/mTOR sig-
naling, but induces MEK/ERK pathway in cisplatin-resistant HNSCC cells. A: 
Cell lysates were prepared from UMSCC74B (Left) and O28 (Right) treated 
with different doses of Afatinib for 24 hours and phosphorylation and total 
levels of EGFR, HER2, HER3, Akt, S6, and ERK, as well as GAPDH expression 
were detected by Western blot analysis. B: Inhibition of EGFR, HER2, HER3, 
Akt, S6, and ERK, but induction of ERK pathway by Afatinib. 

els remained the same (Figure 
1A, left panel). Interestingly, 
phosphorylation of ERK was 
elevated, while total ERK was 
not affected by Afatinib treat-
ment (Figure 1A, left panel). 
Similarly, we found that Afa- 
tinib inhibited phosphoryla- 
tion of EGFR, HER2, HER3, 
Akt, and S6, but induced ERK 
phosphorylation in cisplatin-
resistant O28 cells (Figure 1A, 
right panel). Our data suggest-
ed that Afatinib inhibited PI- 
3K/Akt/mTOR pathways but 
up-regulated MEK/ERK path-
ways in some cisplatin-resis-
tant HNSCC cells (Figure 1B).

Inhibition of MEK/ERK path-
way elevates PI3K/Akt/mTOR 
cascade

We next determined the eff- 
ects of MEK/ERK inhibitor tr- 
eatment on the phosphoryla-
tion of ERK and PI3K/Akt/
mTOR pathways. PD0325901 
is a novel MEK inhibitor that 
has been heavily studied in 
vitro and in vivo and is current-
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PD0325901 or a combination for 48 hours and 
Western blot analysis was performed. Similar 
to Figure 1, Afatinib blocked Akt and S6 phos-
phorylation, but induced ERK phosphorylation 
(Figure 3A, left panel, lanes 1 and 2). Con- 
versely, PD0325901 blocked ERK phosphoryla-
tion, but induced Akt and S6K phosphorylation 
(Figure 3A, left panel, lanes 1 and 3). The com-
bination, however, was able to block phosphor-
ylation of ERK, Akt, and S6 (Figure 3A, left 
panel, lane 4). Similar results were found when 
UMSCC74B cells were treated with DMSO, Afa- 
tinib, PD0325901, or a combination for 72 
hours (Figure 3A, right panel). Furthermore, the 
combination treatment also blocked phosphor-
ylation of ERK, Akt, and S6 in O28 cells (Figure 
3B, left and right panels). Our data demonstrat-
ed that both PI3K/Akt/mTOR and MEK/ERK 
cascades were blocked by Afatinib and PD- 
0325901 combination treatment (Figure 3C). 

Inhibition of MEK/ERK enhances Afatinib-
induced caspase cleavage and apoptosis

We next determined whether a combination of 
Afatinib and PD0325901 could induce addi-
tional apoptosis compared to separate Afati- 
nib and PD0325901 treatments in UMSCC74B 
cells. Afatinib alone induced cleaved caspase-3 
whereas PD0325901 induced no cleaved cas-
pase-3, however, combination of Afatinib and 
PD0325901 caused more cleaved caspase-3. 

creased levels of apoptosis in comparison to 
single Afatinib or PD0325901 treatments in 
O28 cells. Treatment with Afatinib or PD03- 
25901 alone slightly induced cleaved caspa- 
se-3, whereas combination of Afatinib and 
PD0325901 induced more cleaved caspase-3 
cleavage (Figure 5A). Consistently, flow cytom-
etry experiments showed that a combination  
of Afatinib and PD0325901 led to more signifi-
cant apoptosis and cell death when compared 
to each single treatment (Figure 5B and 5C). 
Our data indicated that a combination of PD- 
0325901 and Afatinib more dramatically indu- 
ced apoptosis compared to either treatment 
alone.  

MEK inhibitor synergizes with Afatinib to inhib-
its cell proliferation

We next determined whether PD0325901 and 
Afatinib could cooperate to inhibit cell prolifera-
tion. UMSCC74B cells were treated with DMSO, 
Afatinib, PD0325901, or a combination for 48 
hours, followed by microscopic observation of 
cell conditions. The cell density in samples tr- 
eated with Afatinib or PD0325901 were slightly 
lower than that in dishes treated with the DMSO 
control, whereas the density in samples treat- 
ed with the combination were significantly low- 
er than that in either single treatment (Figure 
6). Next, UMSCC74B cells were treated with 
DMSO, increasing doses of either Afatinib or 

Figure 2. MEK inhibitor PD0325901 inhibits ERK, but induces Akt/mTOR 
signaling pathway in cisplatin-resistant HNSCC cells. A: Cell lysates were 
prepared from UMSCC74B (Left) and O28 (Right) treated with different 
doses of PD0325901 for 24 hours and phosphorylation and total levels of 
ERK, Akt, and S6, as well as GAPDH expression were detected by Western 
blot analysis. B: Inhibition of ERK, but induction of Akt/mTOR pathways by 
PD0325901. 

These results indicated that 
Afatinib induced caspase cl- 
eavage more effectively in 
combination with MEK inhibi-
tor (Figure 4A). To further con-
firm the above results, flow cy- 
tometry experiments were per- 
formed in UMSCC74B cells tr- 
eated with either DMSO, Afa- 
tinib, PD0325901 or a com- 
bination of both. The results 
showed that Afatinib or PD03- 
25901 alone caused apopto-
sis compared to vehicle con-
trol treatment, while the com-
bination caused more signifi-
cant apoptosis and cell death 
compared to either single tre- 
atment (Figure 4B and 4C). 

We further tested whether  
a combination of Afatinib and 
PD0325901 could induce in- 
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MEK inhibitor, or a combination for 72 hours. 
Cell proliferation was measured by MST assay 
and cell viability was normalized to the DMSO 
control. The results showed that Afatinib or 
PD0325901 caused dose-dependent inhibi-
tion of cell proliferation, but a combination 
increased inhibition of cell proliferation com-
pared to either single treatment (Figure 6B). In 
addition, we utilized the CalcuSyn 2.0 software 
to calculate the combination index values (CI) 
according to the Chou-Talalay method [22]. The 
CI values in most combination treatments 
shown in Figure 6B were less than 1 (Figure 
6B). 

We also determined whether Afatinib and PD- 
0325901 cooperated to suppress cell prolifer-
ation in O28 cells. Consistent with the data in 
Figure 6A, the cell density in dishes treated 
with Afatinib or PD0325901 was lower than 
that in dishes treated with the control, whereas 
the density in cells treated with the combina-

tion were significantly decreased in comparison 
to either single treatment (Figure 7A). Furth- 
ermore, we found that treatment with Afatinib 
or PD0325901 alone inhibited cell prolifera-
tion; however, treatment with a combination of 
Afatinib and PD0325901 led to synergistic in- 
hibition of cell proliferation (Figure 7B). Taken 
together, Afatinib and MEK inhibitors synergisti-
cally inhibit cell proliferation.

Discussion

The current standard treatment regimen for 
recurrent and distant metastatic HNSCC is che-
motherapy that mainly contains cisplatin and 
5-Fluorouracil (5-FU), as well as the EGFR anti-
body Cetuximab [28, 29]. In addition, combing 
Cetuximab only modestly improves overall sur-
vival [10, 30]. Clinical trials demonstrated that 
adding EGFR tyrosine kinase inhibitors, such as 
Gefitinib and Erlotinib, to therapies that conta- 
in cisplatin did not show any improvement in 

Figure 3. Inhibition of ErbB family, Akt/mTOR, and MEK/ERK by a combination of Afatinib and PD0325901 in cispla-
tin-resistant HNSCC. A: Cell lysates were prepared from UMSCC74B cells treated with different doses of PD0325901 
for 48 (Left) or 72 (Right) hours and phosphorylation and total levels of Akt and ERK, as well as GAPDH expression 
were detected by Western blot analysis. B: Cell lysates were prepared from O28 cells treated with different doses of 
PD0325901 for 48 (Left) or 72 (Right) hours and phosphorylation and total levels of Akt and ERK, as well as GAPDH 
expression were detected by Western blot analysis. C: Inhibition of Akt and ERK following combination treatment 
with Afatinib and PD0325901.
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Figure 4. Afatinib and PD0325901 synergistically induces apoptosis in UMSCC74B cells. (A) Cleaved caspase-3 in cell lysates from Figure 3A was detected by 
Western blot. (B) Cells were treated with vehicle control, Afatinib, PD0325901, or a combination for 48 hours. Cell apoptosis was measured by Annexin V. (C) Experi-
ments in (B) were performed in triplicate, early and late stage apoptosis counted, and statistical analysis performed. P values less than 0.05 were considered to be 
statistically significant. 
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Figure 5. Afatinib and PD0325901 cooperate to induce apoptosis in O28 cells. (A) O28 cells were treated with vehicle control, Afatinib, PD0325901, or a combi-
nation for 48 hours before cells were lysed; cleaved caspase-3 in cell lysates was detected by Western blot. (B) Cells were treated with vehicle control, Afatinib, 
PD0325901, or a combination for 48 hours. Cell apoptosis and death were measured by Annexin V. (C) Experiments in (B) were performed in triplicate, early and 
late stage apoptosis counted, and statistical analysis performed. P values less than 0.05 were considered to be statistically significant. 
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patient survival [10, 14]. Multiple factors con-
tribute to the effectiveness and resistance of 
EGFR inhibitors, such as up-regulation of some 
survival pathways and other ErbB family mem-
bers, like HER2 and HER3. Since Afatinib inhib-
ited more ErbB family members compared to 
EGFR inhibitor (Gefitinib and Erlotinib) treat-
ment, it would be interesting to see if clinical 
trials increase in efficacy with the addition of 
Afatinib to cisplatin-containing therapies [10, 
16]. 

In the current study, we explored the therap- 
eutic potential in the combination of the ErbB 

bited cell proliferation [31]. However, for pa- 
tients with cisplatin-resistant cancer, continual 
use of cisplatin for treatment might not benefit 
overall survival and could even be toxic to the 
patient. It is therefore important to find new 
combination target therapies that do not in- 
clude cisplatin. Afatinib, in combination with 
other kinase inhibitors, such as MER/ERK 
inhibitors, could be a potential candidate for  
a portion of patients with cisplatin-resistant 
HNSCC.

Mechanisms by which Afatinib up-regulates the 
MEK/ERK pathway remain unclear. Given the 

Figure 6. Afatinib and PD0325901 synergistically cooperate to suppress 
UMSCC74B cell proliferation. A: Synergistic suppression of cell growth by 
Afatinib and PD0325901. UMSCC74B cells were treated with vehicle con-
trol, Afatinib, PD0325901, or a combination for 48 hours and cell density 
was observed microscopically. B: Afatinib and PD0325901 synergistically in-
hibit cell proliferation. UMSCC74B cells were treated with DMSO or different 
doses of Afatinib, PD0325901, or a combination for 72 hours and cell pro-
liferation was determined by MTS assay. The experiments were performed 
in triplicate, and the combination index values (CI values) were determined 
using CalcuSyn software. 

family inhibitor Afatinib with 
MEK inhibitor PD0325901 to 
inhibit cisplatin-resistant head 
and neck squamous cell can-
cer (HNSCC). We showed that 
the combination was effective 
in induction of apoptosis and 
inhibition of cell proliferation 
compared to single treatmen- 
ts with either Afatinib or PD- 
0325901 alone. Afatinib in- 
hibited EGFR, HER2, and HE- 
R3 phosphorylation and su- 
bsequently blocked Akt/mTOR 
activity, but it also induced the 
MEK/ERK pathway. In addi-
tion, MEK/ERK inhibition by 
PD0325901 led to up-regula-
tion of the PI3K/Akt/mTOR pa- 
thway. Taken together, we ha- 
ve shown that the combina-
tion of these two inhibitors 
abolished all above signaling 
pathways. These data provid-
ed the rationale to use a com-
bination of Afatinib and MEK 
inhibitors to treat cisplatin-re- 
sistant HNSCC in future clini-
cal studies.

Combination of cisplatin-bas- 
ed chemotherapy with other 
chemotherapy drugs or target 
inhibitors greatly improves the 
effectiveness of HNSCC treat-
ment. A recent study demon-
strated that co-treatment of 
head and neck cancer with a 
combination of Afatinib and 
cisplatin more effectively inhi- 
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fact that MER/ERK is a downstream target of 
RAS, which is thus controlled by multiple tyro-
sine kinases, it is important to identify which 
membrane receptors are elevated to enhance 
RAS/MEK/ERK pathways that confer Afatinib 
resistance, but can still inhibit EGFR, HER2, 
and HER4. 

Our current data remain consistent with previ-
ous studies that show MEK/ERK inhibition 
leads to up-regulation of PI3K/Akt/mTOR path-
way in multiple cancer cell lines, including HN- 
SCC cells. These data suggest that the combi-
nation of MEK and PI3K inhibitors display syn-
ergistic inhibition of cell proliferation in vitro 
and in vivo [27, 32-34]. Our data also demon-
strate that Afatinib can inhibit both basal and 
MEK inhibitor-induced activation of the PI3K/
Akt pathway. It is possible that the combination 
of Afatinib and MEK inhibitors will thus more 

tinib and Trametinib more effectively kills non-
small cell lung cancer (NSCLC) cells when com-
pared to single treatment in multiple NSCLC 
cell lines (data not shown). Taken together, we 
conclude that co-targeting ErbB family and 
MER/ERK pathways could be effective to inhib-
it cancer proliferation and survival in multiple 
cancers. 
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cally. B: O28 cells were treated with DMSO or different doses of Afatinib, 
PD0325901, or a combination for 72 hours and cell proliferation was deter-
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the combination index values (CI values) were determined using CalcuSyn 
software.

effectively suppress cell pro- 
liferation.

It should be noted that Afatinib 
induction of MEK/ERK path-
way could be cell-type specif-
ic. We found that Afatinib tre- 
atment led to inhibition of bo- 
th PI3K/Akt/mTOR and MEK/
ERK pathways in several cispl-
atin-resistant HNSCC cell lin- 
es (data not shown). Therefore, 
inhibition of cisplatin-resistant 
HNSCC proliferation by a com-
bination of Afatinib and MEK 
inhibitors may be effective on- 
ly in cells in which Afatinib 
induces MER/ERK activity.

We should also mention that 
very recently, Yee, PS et al., 
published a manuscript which 
described that Afatinib and 
Trametinib (another MEK in- 
hibitor) synergistically inhibit 
HNSCC growth in a pre-clinical 
model of oral squamous cell 
carcinoma [35]. These find-
ings demonstrate that a com-
bination of Afatinib and MEK 
inhibitors would also effective-
ly suppress cisplatin-sensitive 
HNSCC. In fact, we also found 
that the combination of Afa- 
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