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Background: Overexpression of epidermal growth factor receptor (EGFR) occurs in approximately 90% of head and neck
squamous cell carcinoma (HNSCC), and is correlated with poor prognosis. Thus, targeting EGFR is a promising strategy for
treatment of HNSCC. Several small molecule EGFR inhibitors have been tested in clinical trials for treatment of HNSCC, but none
of them are more effective than the current chemotherapeutic drugs. Thus, it is urgently needed to develop novel EGFR inhibitors
for HNSCC treatment.

Methods: By screening an in-house focused library containing approximately 650 000 known kinase inhibitors and kinase inhibitor-
like compounds containing common kinase inhibitor core scaffolds, we identified SKLB188 as a lead compound for inhibition of
EGFR. The anticancer effects of SKLB188 on HNSCC cells were investigated by in vitro cell growth, cell cycle and apoptosis assays,
as well as in vivo FaDu xenograft mouse model. Molecular docking, in vitro kinase profiling and western blotting were performed
to characterise EGFR as the molecular target.

Results: SKLB188 inhibited HNSCC cell proliferation by inducing G1 cell cycle arrest, which was associated with downregulating
the expression of Cdc25A, cyclins D1/A and cyclin-dependent kinases (CDK2/4), and upregulating the expression of cyclin-
dependent kinase (CDK) inhibitors (p21Cip1 and p27Kip1), leading to decreased phosphorylation of Rb. SKLB188 also induced
caspase-dependent apoptosis of HNSCC cells by downregulating the expression of Mcl-1 and survivin. Molecular docking
revealed that SKLB188 could bind to the kinase domain of EGFR through hydrogen bonds and hydrophobic interactions. In vitro
kinase assay showed that SKLB188 inhibited the activity of a recombinant human EGFR very potently (IC50¼ 5 nM). Western blot
analysis demonstrated that SKLB188 inhibited the phosphorylation of EGFR and its downstream targets, extracellular signal-
regulated protein kinases 1 and 2 (Erk1/2) and Akt in the cells. In addition, SKLB188 dose-dependently inhibited FaDu xenograft
growth in nude mice, and concurrently inhibited the phosphorylation of Erk1/2 and Akt in the tumours.

Conclusions: SKLB188 potently inhibits the growth of HNSCC cells in vitro and in vivo by targeting EGFR signalling. The results
provide a basis for further clinical investigation of SKLB188 as a targeted therapy for HNSCC. Our findings may open a new avenue
for development of novel EGFR inhibitors for treatment of HNSCC and other cancers.
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Epidermal growth factor receptor (EGFR, also named ErbB-1 or
HER1), a receptor tyrosine kinase, belongs to the ErbB superfamily,
which includes three other members: ErbB2/Neu/HER2, ErbB3/
HER3, and ErbB4/HER4 (Furnari et al, 2015). In response to the
binding of ligands, for example, epidermal growth factor (EGF)
and transforming growth factor a (TGFa), EGFR is homodi-
merised with another EGFR or heterodimerised with other ErbB
family members, and activated through autophosphorylation at
several tyrosine (Y) residues in its C-terminal domain. This results
in the activation of multiple downstream pathways including Ras/
Raf/MEK/Erk and PI3K/Akt/mTOR cascades (Furnari et al, 2015;
Guo et al, 2015). Hence, EGFR plays an important role in the
regulation of cell growth, proliferation, survival, migration, and
differentiation (Furnari et al, 2015; Guo et al, 2015).

Aberrant activation of EGFR signalling, due to EGFR over-
expression and/or mutations, has been found to be associated with
the development and progression of a variety of human
malignancies, such as lung, head and neck, breast, colorectal, and
pancreatic cancers (Scaltriti and Baselga, 2006; Cohen, 2014). Thus,
EGFR has received great attention for targeted therapy. Currently,
two major approaches have been developed to inhibit EGFR:
monoclonal antibodies (mAbs) (e.g., Cetuximab and Panitumu-
mab) that block the extracellular ligand binding domain, and small
molecule tyrosine kinase inhibitors (TKIs) (e.g., Gefitinib and
Erlotinib) that bind the ATP binding site of the intracellular kinase
domain of the receptor (Chong and Jänne, 2013).

Head and neck squamous cell carcinoma (HNSCC) is the sixth
most common cancer worldwide, with over 550 000 cases and
around 300 000 deaths annually (Leemans et al, 2011). Current
standard treatment of HNSCC patients is by multimodal
approaches consisting of surgery, radiotherapy, and/or chemother-
apy (e.g., platinum analogues, taxanes, fluorouracil, and metho-
trexate) (Colevas, 2006). However, considerable side effects and
drug resistance occur frequently, when patients are treated with
those conventional chemotherapeutic agents (Pezzuto et al, 2015).
As overexpression of EGFR occurs in more than 90% of HNSCC
cases and is correlated to poor prognosis (Kang et al, 2015),
targeting EGFR has been regarded as a promising strategy for
treatment of HNSCC. Currently, Cetuximab, a chimeric human-
murine IgG1 mAb directed specifically against EGFR, is the only
US Food and Drug Administration-approved and European
Medicines Agency-approved targeted therapy for HNSCC
(Cohen, 2014; Sacco and Worden, 2016). However, the overall
response rate of monotherapy with Cetuximab is modest, ranging
from 10 to 13% (Sacco and Worden, 2016). Several oral EGFR
TKIs, including Gefitinib and Erlotinib, which are clinically used
for treatment of non-small cell lung cancer (NSCLC), have been
tested in clinical trials in HNSCC, but none of those has been
demonstrated to be more effective than the current chemother-
apeutic drugs (Rodriguez et al, 2012; Martins et al, 2013; Sacco and
Worden, 2016). Therefore, it is urgently needed to develop novel
EGFR inhibitors for HNSCC treatment.

Recently, by screening an in-house focused library containing
approximately 650 000 known kinase inhibitors and kinase
inhibitor-like compounds containing common kinase inhibitor
core scaffolds, we have identified that SKLB188 is a potential
anticancer agent. This study was set to evaluate the anticancer
activity in HNSCC cells in vitro and in vivo and to determine the
molecular target of SKLB188. Here, we show that SKLB188
inhibited cell proliferation and induced apoptosis in head and neck
cancer cells (FaDu and PCI-13) in vitro. Also, SKLB188 inhibited
the growth of FaDu xenografts in vivo, without showing obvious
toxicity in mice. Mechanistically, SKLB188 was found to inhibit
EGFR-mediated MEK/Erk and Akt/mTOR signalling pathways in
the HNSCC tumour cells in vitro and in vivo. Our findings suggest
that SKLB188 is a novel EGFR inhibitor, which may be explored
for treatment of head and neck cancer and other tumours.

MATERIALS AND METHODS

Reagents. SKLB188 was synthesised at the State Key Laboratory of
Biotherapy, Sichuan University (Chengdu, China), while Iressa
(Gefitinib) was obtained from LC Laboratories (Woburn, MA,
USA). Both SKLB188 and Iressa were dissolved in dimethyl
sulfoxide (DMSO) to prepare a stock solution (10 mM), then
aliquoted and stored at � 20 1C. RPMI 1640 and 0.05% Trypsin-
EDTA were purchased from Mediatech (Herndon, VA, USA).
Fetal bovine serum (FBS) was from Atlanta Biologicals (Law-
renceville, GA, USA). Recombinant human EGF (PeproTech,
Rocky Hill, NJ, USA) was rehydrated in 0.1 M acetic acid to prepare
a stock solution (100 mg ml� 1), aliquoted and stored at � 80 1C.
The following antibodies were used: CDK2, CDK4, CDK6, cyclin
D1, cyclin A, Cdc25A, p21Cip1, p27Kip1, p-Rb (S807/811), survivin,
Mcl-1, Bcl-2, Bcl-xL, BAX, BAK, BAD, Erk2, S6K1, S6, Akt (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), phospho-EGFR
(Ser1070) (GeneTex, Irvine, CA, USA), cleaved caspase 3, cleaved
PARP, EGFR, phospho-Erk1/2 (Thr202/Tyr204), phospho-Akt
(Ser473), phospho-S6K1 (Thr389), phospho-S6 ribosomal protein
(Ser235/236), CD31 (Cell Signaling, Danvers, MA, USA), Ki-67
(Thermo Fisher Scientific, Waltham, MA, USA), b-tubulin (Sigma-
Aldrich, St Louis, MO, USA), and goat anti-mouse IgG-horse-
radish peroxidase, and goat anti-rabbit IgG-horseradish peroxidase
(Pierce, Rockford, IL, USA). All other chemicals were obtained
from Sigma-Aldrich, unless stated elsewhere.

In vitro kinase assay. In vitro kinase inhibitory activities were
measured by radiometric assays conducted by Eurofins Pharma
Discovery Services UK Limited (Dundee, Scotland). Kinase
profiling of SKLB188 was carried out at a fixed concentration of
10 mM. The IC50 values were calculated based on the dose–response
data of 10 points by using Graphpad Prism (Graphpad Software,
San Diego, CA, USA).

Cell culture. Human head and neck cancer cell line FaDu was
obtained from American Type Culture Collection (Manassas, VA,
USA). Human head and neck cancer cell line PCI-13 was described
previously (Clark et al, 2010). FaDu and PCI-13 cells were cultured
in antibiotic-free RPMI 1640 supplemented with 10% FBS.
All cell lines were cultured in a humidified atmosphere at 37 1C
with 5% CO2.

Cell proliferation assay. Cell proliferation assays were conducted
as described previously (Zhou et al, 2010). Briefly, cells, grown in
six-well plates, were treated with SKLB188 (0–2mM) for 6 days,
followed by cell counting with a Z1 counter (Beckman Coulter,
Fullerton, CA, USA). Cells treated with the vehicle (DMSO) alone
served as a control.

MTS assay. Cell viability was evaluated using CellTiter 96 AQueous

One Solution Cell Proliferation Assay kit (Promega, Madison, WI,
USA), as described previously (Zhou et al, 2010). Briefly, cells,
grown in 96-well plates, were treated with SKLB188 (0–2 mM) for
24–72 h. Subsequently, cell viability, after incubation with MTS
reagent (20 ml per well) for 3 h, was monitored by the optical
density at 490 nm using Synergy 4 microplate reader (BioTek,
Winooski, VA, USA). Cells treated with the vehicle (DMSO) alone
served as a control.

Trypan blue exclusion assay. Cell viability was also evaluated by
the trypan blue exclusion assay, as described previously (Chen et al,
2014). Briefly, cells were seeded in 100-mm dishes at a density of
2� 105 cells per dish in the growth medium and grown overnight
at 37 1C in a humidified incubator with 5% CO2. Following
treatment with SKLB188 (0–2mM) for 24–72 h, the cells (including
floating and attached cells) were collected, pelleted, and resus-
pended in 1 ml of PBS. Then, one part of cell suspension was
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incubated with one part of 0.4% trypan blue solution (Sigma) for
3 min at room temperature. Finally, 10 ml of the trypan blue/cell
mixture was applied to a hemacytometer, and the unstained
(viable) and stained (nonviable) cells were counted separately
under a microscope. For each treatment, at least 300 cells (total)
were counted, and the percentage of the stained cells was
calculated.

Cell cycle analysis. Cell cycle analysis was performed, as described
previously (Zhou et al, 2010). Briefly, cells were treated with
SKLB188 (0–2mM) for 24 h, and then stained with the Cellular
DNA Flow Cytometric Analysis Kit (Roche Diagnostics, Indiana-
polis, IN, USA). Percentages of cells within each of the cell cycle
compartments (G0/G1, S, or G2/M) were determined using a
FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA,
USA) and ModFit LT analyzing software (Verity Software House,
Topsham, ME, USA). Cells treated with the vehicle (DMSO) alone
were used as a control.

Apoptosis assay. Cell apoptosis was determined, as described
previously (Odaka et al, 2014). Briefly, cells were treated with
SKLB188 (0–2 mM) for 72 h. Cells were then collected and stained
using Annexin V-FITC Apoptosis Detection Kit I (BD Biosciences,
Sparks, MD, USA), followed by flow cytometry using a FACS
Calibur flow cytometer (Becton Dickinson). Cells treated with
DMSO alone were used as a control.

Molecular docking. The molecular docking studies were per-
formed using GOLD 5.0 (Jones et al, 1997) (Genetic Optimization
of Ligand Docking, Cambridge, UK). The X-ray crystal structure
(PDB entry 2J6M) of the kinase domain of EGFR (WT) bound to
the compound AEE788 (Yun et al, 2007) was used in the docking
studies. The Discovery Studio 3.1 (Accelrys, San Diego, CA, USA)
software package was used to prepare the protein structure
including adding hydrogen atoms to the protein, removing water
molecules, and assigning force field (here the CHARMm force field
was adopted). The binding site was defined as a sphere containing
residues that remain within 12 Å of the ligand, an area large
enough to cover the ATP-binding region at the kinase domain.

Western blot analysis. Western blotting was performed, as
described previously (Luo et al, 2015). Briefly, equivalent amounts
of proteins (whole cell lysates) were separated on 8–15% sodium
dodecyl sulfate-polyacrylamide gels and transferred to polyvinyli-
dene difluoride membranes (Millipore, Bedford, MA, USA).
Membranes were blocked with 5% non-fat dry milk (dissolved in
PBS containing 0.05% Tween 20) for 1 h at room temperature, and
then incubated with primary antibodies overnight at 4 1C, followed
by probing with appropriate secondary antibodies conjugated to
horseradish peroxidase overnight at 4 1C. Immunoreactive bands
were visualised by using Renaissance chemiluminescence reagent
(Perkin-Elmer Life Science, Boston, MA, USA).

FaDu xenograft model. All animal experiments carried out were
approved by the Animal Care and Use Committee of Sichuan
University. Female 5B6-week-old Balb/c nude mice (Beijing HFK
Bioscience, Beijing, China) were housed in a sterile environment
and fed a standard diet ad libitum. FaDu cells were collected and
resuspended at a concentration of 5� 107 cells ml� 1 in serum-free
medium. Then, a 100-ml aliquot of the cell suspension was injected
subcutaneously into the hind flank of each mouse. Mice were
randomised into five groups when the tumours reached a volume
of 150 mm3. SKLB188 or Iressa was dissolved in 25% (v/v) PEG400
plus 5% DMSO in deionised water. Mice were orally treated with
vehicle control, 12.5 mg kg� 1 SKLB188, 25 mg kg� 1 SKLB188,
50 mg kg� 1 SKLB188 and 12.5 mg kg� 1 Iressa once daily. Tumour
volume [(length�width2)/2] was determined with a digital caliper.
Tumour growth and mice body weight were monitored every three

days and analysed. At the end of experiments, animals were killed,
and the tumours were collected, photographed, and analysed.

To study the mechanism of anti-tumour action of SKLB188
in vivo, when the FaDu-xenografted tumours reached a volume of
150 mm3, mice were randomly grouped (four mice per group) and
treated for 7 days with vehicle, SKLB188 (50 mg kg� 1), and Iressa
(50 mg kg� 1) (as a positive control), respectively. Then, animals
were killed, and the tumours were collected and evaluated by
haematoxylin and eosin, TUNEL, and immunohistochemistry with
indicated antibodies.

Immunohistochemistry and TUNEL staining. At the end of
experiments, tumour tissues were excised and fixed with 10%
neutral buffered formalin, embedded in paraffin and sectioned
using a standard histological procedure. Haematoxylin and eosin
staining and TUNEL staining using DeadEnd Colorimetric
TUNEL System (Promega) were performed, as described pre-
viously (Zhou et al, 2010; Zheng et al, 2016). Immunohistochem-
ical staining for Ki-67, CD31, p-Akt, p-Erk1/2, and p-S6 was
conducted using corresponding antibodies, using the protocol as
described (Zhou et al, 2010; Zheng et al, 2016). Quantitative
analysis of TUNEL, Ki-67, CD31, p-Erk1/2, p-Akt or p-S6-positive
staining was performed with NIH ImageJ software. At least four
independent regions were evaluated from at least three indepen-
dent mice per group.

Statistical analysis. The results were expressed as mean values
±standard error (mean±s.e.). Statistical analysis was performed
using one-way ANOVA followed by Bonferroni’s post-tests.
Significance was accepted at Po0.05.

RESULTS

SKLB188 inhibits cell proliferation and induced cell death in
HNSCC cells. To assess the anticancer activity of SKLB188 in
HNSCC cells in vitro, first of all, we tested whether SKLB188
inhibits cell proliferation and induces cell death in FaDu and PCI-
13 cells. As shown in Figure 1A, treatment with SKLB188 for 6
days inhibited cell proliferation of FaDu and PCI-13 cells in a
concentration-dependent manner, with IC50¼ 10–20 nM. Further-
more, treatment with SKLB188 (0–2 mM) for 24–72 h reduced the
cell viability in both FaDu and PCI-13 cells in a concentration- and
time-dependent manner, as detected by MTS assay (Figure 1B). As
MTS assay cannot distinguish cell proliferation from cell death,
trypan blue exclusion assay was utilised to verify the cytotoxicity of
SKLB188. The results showed that SKLB188 did induce the cell
death in FaDu cells (Supplementary Figure S1). Collectively, the
results indicate that SKLB188 is a potent anticancer agent for
HNSCC cells.

SKLB188 induces G1 cell cycle arrest by downregulating the
expression of cyclins D1/A, CDK2/4 and Cdc25A and upregu-
lating the expression of CDK inhibitors in HNSCC cells. To
understand how SKLB188 inhibits cell proliferation, cell cycle
analysis was performed. Treatment with SKLB188 (0–2mM) for
24 h accumulated FaDu cells at G0/G1 phase of the cell cycle in a
concentration-dependent manner. Of note, SKLB188 at 0.1 mM was
able to increase the proportion of the cells in the G0/G1 phase
drastically from approximately 47.5 (control) to 78.5%, and
correspondingly decrease the fraction of the cells in the S phase
from about 42.2 (control) to 19.5%, and decrease the portion of the
cells in the G2/M phase from 10.3 to 2.3% (Figure 2A).
Furthermore, we observed that SKLB188-induced G1 cell cycle
arrest sustained for up to 72 h (Figure 2B). Therefore, our results
suggest that SKLB188 inhibits cell proliferation by arresting cells in
G1 phase of the cell cycle.
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Cell proliferation is directly determined by the progression of
the cell cycle, which is divided into G0/G1, S, and G2/M phases, and
is driven by various CDKs (Sherr and Roberts, 1999; Malumbres
and Barbacid, 2009). To further unveil how SKLB188 induces G1

cell cycle arrest, we examined the expression of CDKs and related
regulatory proteins, including cyclins, Cdc25 and CDK inhibitors.
As shown in Figure 2C, treatment with SKLB188 for 24 h
downregulated the cellular protein expression of cyclin D1, cyclin
A, CDK1, CDK2, CDK4, and Cdc25A, and upregulated the protein
expression of two CDK inhibitors, p21Cip1 and p27 Kip1, in a
concentration-dependent manner. As a result, treatment with
SKLB188 for 24 h reduced the phosphorylation of Rb (S780)
(Figure 2B). Similar results were observed in PCI-13 cells
(Figure 2D). Thus, our data suggest that SKLB188 arrested cells
in G0/G1 phase of the cell cycle by downregulating the expression
of cyclins D1/A, CDK1/2/4 and Cdc25A and upregulating the
expression of CDK inhibitors (p21Cip1 and p27Kip1), leading to
dephosphorylation of Rb.

SKLB188 induces caspase-dependent apoptotic cell death in
HNSCC cells. To determine whether SKLB188 induces apoptotic
cell death, we performed Annexin V-FITC/PI staining, a method
that is frequently used to detect apoptosis (van Engeland et al,
1998). As shown in Figure 3A and B, treatment with SKLB188 for
72 h induced apoptosis in FaDu cells in a concentration-dependent
manner. SKLB188 at 0.1–2 mM increased the apoptotic (Q2 late
apoptoticþQ4 early apoptotic) cells by approximately 1.6–3.0-
fold, compared to the control. Similar results were observed in
PCI-13 cells (Supplementary Figure S2A and B).

Bcl-2 family members, including anti-apoptotic (e.g., Bcl-2, Bcl-
xL, and Mcl-1) and pro-apoptotic proteins (e.g., BAD, BAK, and
BAX), are key players in the regulation of apoptosis (Llambi and
Green, 2001; Elmore, 2007). To understand how SKLB188 induces
apoptosis, we next examined whether SKLB188 alters the
expression of pro-apoptotic and anti-apoptotic proteins in the
cells. As shown in Figure 3C, treatment with SKLB188 for 24 h
markedly downregulated the expression levels of anti-apoptotic
proteins (Mcl-1 and survivin) and meanwhile upregulated the pro-
apoptotic protein BAD level in a concentration-dependent manner.
Furthermore, we observed that SKLB188 induced PARP cleavage
(Figure 3C), a hallmark of caspase-dependent apoptosis. This was
consistent with the data that SKLB188 increased the cleavage of
caspase 3 (Figure 3C), indicating activation of caspase 3. Similar
results were observed in PCI-13 cells (Supplementary Figure S2C).
Therefore, our results suggest that SKLB188 induces caspase-
dependent apoptotic cell death by downregulating the expression
of anti-apoptotic proteins Mcl-1/survivin and upregulating the
expression of pro-apoptotic protein BAD in HNSCC cells.

Molecular docking predicts the binding of SKLB188 to EGFR
kinase domain. To identify the molecular target of SKLB188
(Figure 4A), molecular docking studies were performed. Figure 4B
illustrates that the purine ring locates at the ATP binding pocket,
where it is sandwiched between the N- and C-lobes of the catalytic
domain of EGFR. Three hydrogen bonds are formed between
SKLB188 and the kinase domain of EGFR: the first one
corresponds to that formed between the nitrogen (NH) of 2-
aniline of purine and the Met793 residue in the hinge region of
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Figure 1. SKLB188 inhibits cell proliferation and induces cell death in HNSCC cells. (A) FaDu and PCI-13 cells were treated with SKLB188 (0–2 mM)
for 6 days, followed by cell counting. (B) FaDu and PCI-13 cells were treated with SKLB188 (0–2mM) for 24–72 h, followed by cell viability assay
(MTS assay). All data represent the means±s.e. (n¼ 3). *Po0.05, **Po0.01, and ***Po0.001.
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EGFR, the second one is between N1 (namely N3 in Figure 4C) of
purine and the Met793 residue, and the third one is between one of
the nitro/oxygen atoms and the Lys745 residue. Additionally,
the cyclopentyl group in SKLB188 forms a hydrophobic interaction
with residues Leu718, Gly719, and Val726. Therefore,
the above results suggest that SKLB188 has the ability to bind
the EGFR kinase domain and may represent a new class of
EGFR inhibitor.

SKLB188 is a multikinase inhibitor and potently inhibits
EGFR. To assess the kinase inhibitory activities of SKLB188, we
conducted an in vitro kinase inhibition profile of SKLB188 against
a total of 399 recombinant human protein kinases using the ‘gold
standard’ radiometric kinase assay. The results showed that
SKLB188, when at a fixed concentration of 10 mM, was able to
inhibit a number of receptor tyrosine kinases, including Abl,
EGFR, Erb2, Erb4, Flt1, Flt3, Flt4, EphB, FGFR, c-Kit, Met, and
PDGFR (Supplementary Table S1). Given our above molecular
docking results, next, we studied the dose–response relationship of
SKLB188 against the EGFR kinase. The results revealed that
SKLB188 dose-dependently inhibited the EGFR activation with an
IC50 value of 5 nM (Figure 4D). As a control, SKLB188 inhibited
c-Kit activation with an IC50 value of 1272 nM. Thus, our in vitro

kinase inhibition data support that SKLB188 is an EGFR inhibitor,
but at higher concentrations may inhibit other RTKs.

SKLB188 inhibits EGFR signalling in HNSCC cells. The
phosphorylation level of EGFR is a surrogate of EGFR activity
(Keese et al, 2005). To determine whether SKLB188 inhibits EGFR
in cells, we investigated the effect of SKLB188 on the phosphor-
ylation of EGFR in HNSCC cells. For this, serum-starved FaDu
cells were treated with SKLB188 (0–2mM) or Iressa (as a positive
control) for 24 h, followed by stimulation with EGF (50 ng ml� 1)
for 1 h. Our western blot analysis showed that SKLB188 inhibited
the phosphorylation of EGFR (S1070) in a concentration-
dependent manner (Figure 5A). Interestingly, at 0.1 mM, SKLB188
showed more potent inhibitory effect on p-EGFR than Iressa. Since
EGFR regulates Ras/Raf/MEK/Erk and PI3K/Akt/mTOR pathways
(Scaltriti and Baselga, 2006), we also studied whether SKLB188
inhibits these two downstream pathways. As expected, treatment
with SKLB188 also inhibited the phosphorylation of MEK1/2 and
Erk1/2 (Figure 5A), as well as the phosphorylation of Akt, S6K1,
and S6 (Figure 5B) in a concentration-dependent manner.
Consistently, at low concentrations (0.1–0.5 mM), SKLB188 dis-
played stronger inhibitory effects on the two pathways
than Iressa. Similar results were observed in PCI-13 cells
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(A), **Po0.01, ***Po0.001: control vs treatment with SKLB188 at indicated concentrations; for (B), #Po0.05, ##Po0.05, ###Po0.05: control vs
treatment with SKLB188 for 24, 48, and 72 h, respectively. (C and D) FaDu and PCI-13 cells were exposed to SKLB188 for 24 h, followed by western
blotting with indicated antibodies. Similar results were observed in at least three independent experiments.
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(Supplementary Figure S3). Thus, our data further support that
SKLB188 is an inhibitor of EGFR.

SKLB188 inhibits FaDu xenograft growth in nude mice. To
evaluate the anti-tumour activity of SKLB188 in vivo, FaDu
xenograft model was used. In this model, FaDu cells were injected
subcutaneously into the hind flank of each nude mouse, then the
mice were randomised into five groups (6 mice per group) when
the tumours grew to a size of B150 mm3. Next, the animals were
orally given three doses (12.5, 25, and 50 mg kg� 1) of SKLB188,
one dose (12.5 mg kg� 1) of Iressa (positive control) or vehicle
(control) every day. We found that SKLB188 dose-dependently
inhibited the tumour growth (volume) by 63.5%, 88.7%, and
102.2% at doses of 12.5, 25, and 50 mg kg� 1, respectively, while
Iressa (12.5 mg kg� 1) inhibited the tumour growth (volume) by
78.3% (Figure 6A) at the end of the experiment, compared with the

vehicle. Similarly, treatment with SKLB188 or Iressa also inhibited
the tumour weight increase significantly, compared with the
vehicle treatment (Figure 6B). Of note, no obvious toxicity was
observed in all the treated groups except the 50 mg kg� 1-SKLB188
group, in which the average body weight of mice decreased slightly
but not significantly (Figure 6A).

To elucidate the mechanism of anti-tumour action of SKLB188
in vivo, immunohistochemical analysis was conducted using FaDu
tumour samples collected from mice treated with vehicle, SKLB188
(50 mg kg� 1) and Iressa (50 mg kg� 1), respectively. As shown in
Figure 6C and D, SKLB188, like Iressa, potently inhibited the
phosphorylation of Erk1/2, Akt and S6, and led to a substantial
decrease in tumour cell proliferation (Ki67-positive staining) and a
significant increase in apoptosis (TUNEL-positive staining),
compared with the vehicle. Moreover, SKLB188, like Iressa,
remarkably reduced the microvessel density (CD31 staining).
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Taken together, our results indicate that SKLB188 suppresses FaDu
xenograft growth in mice by inhibiting EGFR signalling, leading to

inhibition of cell proliferation and induction of apoptosis of the
tumour cells.
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DISCUSSION

By screening an in-house focused library containing approximately
650 000 known kinase inhibitors and kinase inhibitor-like
compounds containing common kinase inhibitor core scaffolds,
we have identified that SKLB188 is a potential anticancer agent.
Here, for the first time, we present evidence that SKLB188 exhibits
potent anticancer activity against HNSCC both in vitro and in vivo,
by targeting EGFR signalling.

After identifying SKLB188 inhibition of EGFR signalling, we
also compared the anticancer effects of SKLB188 with Iressa
(Gefitinib), a known EGFR TKI, which has been clinically used for
treatment of NSCLC (Kazandjian et al, 2016). In the 6-day growth
inhibition assay, the IC50 values of SKLB188 were around 10–20 nM

in FaDu and PCI-13 cells (Figure 1A), whereas the IC50 values of
Iressa were 240–400 nM in the cells, respectively (Supplementary
Figure S4A). In the 72-h cell viability assay (MTS assay), the IC50

values of SKLB188 were approximately 0.5–1 mM in FaDu and PCI-
13 cells (Figure 1B), while the IC50 values of Iressa were more than

2 mM in the cells (Supplementary Figure S4B). The results suggest
SKLB188 inhibited cell proliferation and induced cell death of
HNSCC cells more potently than Iressa in vitro. In line with this,
we found that treatment with 0.1 mM of SKLB188 for 24 h was able
to drastically inhibit EGF-stimulated phosphorylation of EGFR,
MEK1/2, Erk1/2, Akt, S6K1, and S6 (Figure 5, left panel). However,
similar effects were not observed until the concentration of Iressa
reached to 0.5 mM (Figure 5, right panel). Therefore, the more
potent in vitro anticancer activity of SKLB188 may be attributed to
the fact that SKLB exhibited stronger inhibitory effects on the
phosphorylation of EGFR and the downstream effectors (MEK1/2,
Erk1/2, Akt, S6K1 and S6), compared to Iressa. In addition, we
could not rule out the possibility that SKLB188 may target more
kinases than Iressa. It is well known that MEK1/2-Erk1/2 and Akt-
mTOR pathways are regulated not only by EGFR, but also by other
RTKs (e.g., VEGFR, FGFR, etc.) (Cohen, 2014). Our in vitro kinase
inhibition profile of SKLB188 has shown that SKLB188, at 10 mM,
could inhibit EGFR and other RTKs, such as Abl, Erb2, Erb4, Flt1,
Flt3, Flt4, EphB, FGFR, c-Kit, Met, and PDGFR (Supplementary
Table S1). Although SKLB188 showed a much higher selectivity in
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inhibiting EGFR than c-Kit (IC50¼ 5 nM for EGFR vs 1272 nM for
c-Kit), it remains to be determined whether SKLB188, at low
nanomolar concentrations, inhibits other RTKs.

However, unlike the above in vitro data, our in vivo
results showed that at the same dose (12.5 mg kg� 1),
SKLB188 did not inhibit FaDu xenograft growth more potently
than Iressa, when orally administered to mice (Figure 6). Instead, a
weaker inhibition was noticed. At this stage, we do not know the
exact reason. Likely, this is associated with a lower bioavailability
and/or quicker degradation of SKLB188 in mice. Thus, further
research is required to evaluate the pharmacokinetic profile of
SKLB188 in animals. Such data would be instructive to help
develop derivatives of SKLB188 with improved properties in
pharmacokinetics.

The first/second generation EGFR TKIs, for example, Erlotinib,
Gefitinib and Afatinib, have been widely used for treatment of the
advanced NSCLC patients (Barnes et al, 2017). However, a major
handicap of these EGFR inhibitors is the rapid development of
acquired resistance, most frequently due to the secondary T790M
mutation within EGFR (Barnes et al, 2017). As such, the
third-generation EGFR TKIs have emerged, which can inhibit
mutant EGFR (T790M) (Jia et al, 2016; Skoulidis and
Papadimitrakopoulou, 2017). Recently, mutation of EGFR
(T790M) has been documented in HNSCC (Vatte et al, 2017).
Of interest, apart from EGFR, ErbB2 and ErbB4 were also targeted
by SKLB188 (Supplementary Table S1). Furthermore, SKLB188
was able to potently inhibit both wild-type EGFR and mutant
EGFR (L858R, L861Q, T790M, and T790M/L858R)
(Supplementary Table S1), suggesting that SKLB188 may have
advantage over the first-/second-generation EGFR TKIs in
inhibiting mutant EGFR (T790). Further studies are on the way
to validate whether this is the case.

p53 is a tumour suppressor that maintains a dynamic
balance between cell proliferation and cell death in response to
genomic stress (Levine et al, 1991). Over 50% of tumours
harbour somatic mutations of TP53 gene (Kruiswijk et al, 2015).
Recently, the Cancer Genome Atlas has demonstrated
that mutation of the TP53 gene is the most common genomic
alteration identified in HNSCCs (Zhou et al, 2016). p53 functions
as a tumour suppressor, in part by transcriptionally upregulating
the expression of p21Cip1, a CDK inhibitor, leading to cell cycle
arrest in G1 phase (Kruiswijk et al, 2015). FaDu cell line
is p53-mutant (R248L) (Kim et al, 1993), and PCI-13 is p53-
deficient (Zhou et al, 2014). Here we found that SKLB188 induced
high expression of p21Cip1 in both FaDu and PCI-13 cells,
suggesting p53-independent induction of p21Cip1. Our results
indicate that SKLB188 has a great advantage in treating HNSCCs
with p53 mutations.

In conclusion, we have shown that SKLB188 inhibits cell
proliferation and induces cell apoptosis of HNSCC cells in vitro
and in vivo. SKLB188 exerts the anticancer action, at least in part,
by inhibiting EGFR-mediated MEK/Erk and Akt/mTOR signalling
pathways. Our findings suggest that SKLB188 is a novel EGFR
inhibitor, which has a great potential for treatment of head and
neck cancer and other tumours.
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