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Background: Cetuximab is the only targeted agent approved for the treatment of head and neck squamous cell carcinomas
(HNSCC), but low response rates and disease progression are frequently reported. As the phosphoinositide 3-kinase (PI3K) and
the mammalian target of rapamycin (mTOR) pathways have an important role in the pathogenesis of HNSCC, we investigated their
involvement in cetuximab resistance.

Methods: Different human squamous cancer cell lines sensitive or resistant to cetuximab were tested for the dual PI3K/mTOR
inhibitor PF-05212384 (PKI-587), alone and in combination, both in vitro and in vivo.

Results: Treatment with PKI-587 enhances sensitivity to cetuximab in vitro, even in the condition of epidermal growth factor
receptor (EGFR) resistance. The combination of the two drugs inhibits cells survival, impairs the activation of signalling pathways
and induces apoptosis. Interestingly, although significant inhibition of proliferation is observed in all cell lines treated with PKI-587
in combination with cetuximab, activation of apoptosis is evident in sensitive but not in resistant cell lines, in which autophagy is
pre-eminent. In nude mice xenografted with resistant Kyse30 cells, the combined treatment significantly reduces tumour growth
and prolongs mice survival.

Conclusions: Phosphoinositide 3-kinase/mammalian target of rapamycin inhibition has an important role in the rescue of
cetuximab resistance. Different mechanisms of cell death are induced by combined treatment depending on basal anti-EGFR
responsiveness.

Epidermal growth factor receptor (EGFR) is a transmembrane
tyrosine kinase receptor that has a central role in regulating cell
division and death. An overexpression of the receptor, of its
phosphorylated form or of any of its linked pathways occurs in
most epithelial cancers, including head and neck squamous cell
cancer (HNSCC), and it correlates with poor prognosis and
resistance to anticancer therapies (Maurizi et al, 1996; Van Waes
et al, 2010; Baba et al, 2012). Among different anti-EGFR agents,
such as tyrosine kinase inhibitorslike gefitinib, erlotinib or
lapatinib, and monoclonal antibodies (mAbs), such as cetuximab,

panitumumab and zalutumumab, that were tested in the clinical
setting, cetuximab is the only targeted agent approved for the
treatment of HNSCC (Bianco et al, 2005; Nestor, 2010). Despite its
efficacy, the clinical use of cetuximab is significantly limited by the
intrinsic resistance observed in a number of patients and by the
onset of acquired resistance often arising in responders. Several
mechanisms of resistance to EGFR inhibitors have been eluci-
dated to date. It has been reported that oncogenic activation
of intracellular signalling downstream EGFR, including RAS/
RAF/MAPK and PI3K/PTEN/AKT pathways, is an important

*Correspondence: Dr R Bianco; E-mail: robianco@unina.it

Revised 4 April 2014; accepted 10 April 2014; published online 13 May 2014

& 2014 Cancer Research UK. All rights reserved 0007 – 0920/14

FULL PAPER

Keywords: cetuximab resistance; PI3K7mTOR inhibitors; HNSCC; target therapy

British Journal of Cancer (2014) 110, 2887–2895 | doi: 10.1038/bjc.2014.241

www.bjcancer.com |DOI:10.1038/bjc.2014.241 2887

mailto:robianco@unina.it
http://www.bjcancer.com


mechanism for generating resistance to anti-EGFR mAbs. For
example, activating mutations of the phosphoinositide 3-kinase
catalytic subunit alpha (PIK3CA) were found likely to predict
resistance to anti-EGFR mAbs in metastatic colorectal cancer
(Moroni et al, 2005). However, each of these mechanisms only
partially contribute to justify the lack of response to EGFR
inhibitors, in preclinical models as well as in cancer patients.
Therefore, the search for further determinants of resistance may
enable a better selection of patients potentially responsive to anti-
EGFR drugs and the development of novel therapeutic strategies to
overcome EGFR resistance.

The mammalian target of rapamycin (mTOR) and the
phosphoinositide 3-kinase (PI3K) signalling pathways have been
found to have an important role in the pathogenesis of HNSCC
(Liu et al, 2009), and data from literature suggest that PI3K
antagonists are active against head and neck cancer cells (Bancroft
et al, 2002). In HNSCC cell lines and tumour specimens, sensitivity
to anti-EGFR therapy has been correlated with activation of
phosphorylated Akt (Pernas et al, 2009). In addition, human
HNSCC often display multiple alterations of the PI3K pathway,
including increased PIK3CA expression, PIK3CA mutations, Akt
amplification and mTOR activation (Pedrero et al, 2005; Herzog
et al, 2013). The mammalian target of rapamycin is a highly
conserved serine/threonine kinase downstream of the PI3K/AKT
pathway; it has a crucial role in tumorigenesis (Guertin and
Sabatini, 2007) and its inhibition could prevent cancer cell
proliferation (Engelman et al, 2006; Shaw and Cantley, 2006;
Yuan and Cantley, 2008). Despite the rapamycin analogues having
been approved for the treatment of some human malignancies,
such as metastatic renal cell carcinoma, breast and neuroendocrine
cancers, they only account for inhibition of the target-
of-rapamycin complex 1 (TORC1). Several experimental studies
demonstrate that the TORC2 complex might be able to rescue
tumour cells from a selective TORC1 blockade. For this reason,
some novel double TORC1/2 inhibitors are in clinical develop-
ment. A molecular relationship between mTOR and HNSCC has
been defined (Freudlsperger et al, 2011), but the precise role of
TORC2 in the onset and maintenance of resistance to EGFR
blockade remains to be defined. Data from literature suggest that a
more robust activity of novel dual PI3K/mTOR inhibitors,
compared with either PI3K or mTOR inhibitors, is required for
efficient suppression of tumour growth when multiple alterations
of the PI3K pathway exist (Sabbah et al, 2011). On the basis of this
body of evidence, the major purpose of our study is to analyse the
role of PI3K/mTOR inhibition in HNSCC in the context of innate
and acquired resistance to cetuximab, thus investigating the
molecular mechanisms that might be involved in the development
of resistance. To this aim, we tested the combination of cetuximab
and PKI-587 on models of human squamous cancer cells with
different degrees of sensitivity to cetuximab, evaluating their
activity both in vitro and in vivo, in HNSCC tumour xenografts.

MATERIALS AND METHODS

Compounds. Cetuximab was provided by ImClone Systems
(Somerville, NJ, USA); PKI-587 (PF-05212384) was provided by
Pfizer Inc (New York, NY, USA).

Cell cultures. Human squamous cancer cell lines A431 (epider-
moid carcinoma), FaDu (pharyngeal carcinoma), Detroit562
(pharyngeal carcinoma) and Kyse30 (oesophageal carcinoma) were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA) or Deutsche Sammlung von Mikroorganismen
und Zellkulturen (DMSZ, Braunschweig, Germany). All cells were
maintained according to the manufacturer’s protocol. A431-CR and
FaDu-CR (cetuximab resistant) cells were generated through a

validated protocol of in vivo/in vitro selection following chronic
exposure to the drug, as recently described (Rosa et al, 2013); briefly,
cells were injected s.c. in nude mice; when tumours reached
B0.5 cm3, mice were treated with cetuximab 20mgkg� 1 i.p., three
times a week for 8 weeks. Progressing tumours under treatment with
cetuximab were excised and resistant cells were maintained in vitro
and tested for sensitivity against the drug.

Cell density assay. Cells (104 cells per well) were grown in 24-well
plates and exposed to increasing doses of cetuximab or PKI-587,
alone or in combination. The percentage of cell density was
determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay according to the manufacturer’s
instructions. The dose–response curves for each agent alone and in
combination were determined at a fixed ratio based on their IC50
values. IC50 was defined as the drug concentration causing 50%
inhibition of cell proliferation.

Synergy analysis. The interaction between cetuximab and PKI-587
was determined using median-effect analysis, with the CalcuSyn ver.
2.0 software (Biosoft, Cambridge, UK), which calculates a non-
exclusive case combination index (CI) for every fraction affected, a
measure of the drug interaction effects. Combination index values of
o1 or41 indicated synergy and antagonism, respectively, whereas a
CI value of 1 indicated additive effects of the drugs.

Western blot analysis. Total protein extracts obtained from cell
cultures or tumour specimens were resolved by 4–15% SDS-PAGE
and probed with anti-human, polyclonal pEGFR, polyclonal EGFR,
monoclonal pMAPK, monoclonal MAPK, monoclonal beclin-1
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), polyclonal pAkt,
polyclonal Akt, SQSTM1/p62 (Cell Signaling Technologies, Beverly,
MA, USA), monoclonal pp70S6K and p70S6K (Upstate, Billerica,
MA, USA) and monoclonal actin (Sigma-Aldrich, Milan, Italy).
Immunoreactive proteins were visualised by enhanced chemilumi-
nescence (Pierce, Rockford, IL, USA). Densitometry was performed
by using Image J software (NIH, Bethesda, MD, USA).

Detection of caspase 3 activity. After treatment, cells were
resuspended in a cell lysis buffer, and subjected to three freeze–
thaw cycles at � 70 1C. Caspase 3 activity was analysed using a
Caspase-3 Colorimetric Assay Kit (CaspACE Assay System
Colorimetric, Promega, Madison, WI, USA) according to the
manufacturer’s protocol. The activity was measured with a
microplate reader at 405 nm. Caspase specific activity was
calculated as described in the manufacturer’s protocol.

Autophagy ELISA assay. After treatment, cells were resuspended
in a RIPA cell lysis buffer as described in the manufacturer’s
protocol. p62 levels in all cell lines were determined by ELISA (p62
ELISA kit, Enzo Life Science, Vinci, Italy). The absorbance was
measured at 450 nm on a microplate reader.

Nude mouse cancer xenograft models. Five-week-old Balb/
cAnNCrlBR athymic (nuþ /nuþ ) mice (Charles River
Laboratories, Milan, Italy) maintained in accordance with institu-
tional guidelines of the University of Naples Animal Care
Committee and in accordance with the Declaration of Helsinki
were injected s.c. with Kyse30 human HNSCC cells (107 cells per
mice) and resuspended in 200 ml of Matrigel (Collaborative
Biomedical Products, Bedford, MA, USA). Seven days after the
tumour cell injection, tumour-bearing mice were randomly
assigned (n¼ 10 per group) to receive the following: cetuximab
20mg kg� 1 i.p., three times a week for 3 weeks; PKI-587
25mg kg� 1 i.v., one time a week for 3 weeks (Mallon et al,
2011); or a combination of these agents. Tumour diameter was
assessed with a vernier caliper, and tumour volume (cm3) was
measured using the formula p/6� larger diameter� (smaller
diameter)2. Mice were killed when the tumour reached a size of
B2 cm3, the maximum size allowed by the ethics committee.
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Statistical analysis. Student’s t-test was used to evaluate the
statistical significance of the in vitro results. The statistical
significance of differences in tumour growth was determined by
one-way ANOVA and Dunnett’s multiple comparison post-test,
and that of differences in survival was determined by the log-rank
test (Rosa et al, 2011). Linear regression analysis to determine the
correlation between the IC50 of PKI-587 and the reduction of p62
and pro-caspase 3 levels was performed by using Sigma Plot ver.
11.0 (Systat Software, San Jose, CA, USA). All reported P-values
were two-sided. All analyses were performed using the BMDP New
System statistical package version 1.0 for Microsoft Windows
(BMDP Statistical Software, Los Angeles, CA, USA).

RESULTS

Inhibition of the PI3K-mTOR pathway is effective in HNSCC
cell lines. We selected human squamous cell cancer models with
different sensitivities to the anti-EGFR mAb cetuximab, including
A431 and FaDu cells, described as sensitive (Tijink et al, 2006;
Meira et al, 2011), and Detroit562 and Kyse30 cells, described as
poorly sensitive to EGFR inhibitors (Jimeno et al, 2007). According
to the Sanger Institute catalogue of somatic mutations in cancer
(*COSMIC database, Catalogue of Somatic Mutations In Cancer,
http://www.sanger.ac.uk/), the mutational profile of the above cited
cell lines is reported: Detroit562 cells harbour a H1047R mutation
in the PI3K gene; Kyse30 cells harbour a Q61L mutation in the
H-Ras gene. We also generated A431-CR and FaDu-CR cell lines
with acquired resistance to cetuximab, through in vivo continuous
exposition to the drug followed by tumour explant and in vitro
stabilisation of the derived resistant cancer cell line, in agreement
with the protocol we previously described (Bianco et al, 2008). We
first analysed the in vitro sensitivity of all cell lines to cetuximab
and to the dual PI3K/mTOR kinase inhibitor, PKI-587, through
proliferation assay. The IC50 value was measured as the drug
concentration causing 50% inhibition of cell proliferation.
A431 and FaDu cells were sensitive to cetuximab exhibiting an
IC50 value p100 mgml� 1. However, Detroi562 and Kyse30 cells
were resistant to cetuximab, exhibiting an IC50 value
X500 mgml� 1 (Figure 1A). All the human squamous cell lines
were highly sensitive to PKI-587, with an IC50 value p100 nM
(Figure 1B).

PKI-587 treatment restores sensitivity to cetuximab in resistant
HNSCC cell lines. The effect of cetuximab on cell growth and
survival, alone and in combination with the dual PI3K/mTOR
inhibitor, PKI-587, in both sensitive and resistant cells was
evaluated. To better study the inhibitory effect and the possible
synergism of PKI-587 and cetuximab co-treatment, we tested the
combination of the two drugs at their equipotent ratio as described

by Chou and Talalay, as shown in Figure 2 (Chou and Talalay,
1984). We measured the CIaccording to the Chou and Talalay
method, using an automated calculation software. Based on this
mathematical model, the combination is synergistic when CI is
o1.0 and highly synergistic when CI is o0.5 (Supplementary
Table S1). We found a highly synergistic effect in almost all tested
combinations of PKI-587 and cetuximab across all cell lines
(Figure 2A). Moreover, the addition of a very low single dose of
PKI-587 (0.5 nM) with increasing doses of cetuximab enhances
sensitivity to the latter in both resistant Detroit562 and Kyse30
cells (Supplementary Figure S1). These effects correlate with
alterations on the expression/activation of several transducers
involved in cell proliferation: whereas single treatment with
cetuximab decreases phospho-Akt levels only in sensitive cells,
PKI-587 is able to reduce it in all cell lines tested, but even more
when used in combination with cetuximab (Figure 2B). Moreover,
in all cell lines, sensitive or resistant to cetuximab, PKI-587 alone
or combined with cetuximab induces the dephosphorylation/
inactivation of the 70 kDa ribosomal protein S6 kinase (p70S6K),
as confirmed through densitometric analysis; the effect on the
RAS/MAPK pathway, as measured by extracellular-signal-
regulated kinases 1/2 (ERK1/2) phosphorylation, seems marginal
among cell lines, even if a decrease is observed upon combined
treatment (Figure 2B).

Caspase-dependent apoptosis is primarily activated in
cetuximab sensitive cells. The described effect on cell survival
signalling prompted us to investigate the putative role of different
mechanisms of cell death in the context of cetuximab resistance.
To this purpose, we analysed the effects of single-drug and
combination treatments on the expression of some apoptotic/
autophagy markers such as caspase 3, caspase 9, beclin-1 and p62.
PKI-587 in combination with cetuximab is able to induce cell death
in either sensitive or resistant cells; whereas combined treatment
induces caspase activation only in sensitive cell lines, as measured
by decreases in procaspase 3 and 9 levels, increased expression of
beclin-1, paired with decrease in p62 levels, is detected only in
resistant cell lines as confirmed through densitometry (Figure 3A).
These data were confirmed by measuring caspase 3 activity and
p62 levels through colorimetric and ELISA assays, respectively
(Figures 3B and C). In A431 and FaDu cells, caspase 3 activity is
significantly induced by PKI-587 treatment and even more by the
addition of cetuximab (P-value o0.05, combination vs PKI-587)
(Figure 3B), suggesting that activation of apoptosis is predominant
in sensitive compared with Detroit562- and Kyse30-resistant
HNSCC cells. By contrast, autophagy seems to be preferentially
induced in resistant compared with sensitive cells, as shown by the
decrease of p62 levels observed in Detroit562 and Kyse30 cells
(Figure 3C), even if the addition of cetuximab does not potentiate
this effect.
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Combination of cetuximab plus PKI-587 is effective in the
condition of acquired resistance to cetuximab. To explore the
role of the PI3K/Akt/mTOR pathway dependence in the context of
resistance against EGFR blockade, we generated A431-CR and
FaDu-CR cell lines with acquired resistance to cetuximab, through
in vivo continuous exposition to the drug followed by tumour
explant and in vitro stabilisation of the derived resistant cancer cell
line (Bianco et al, 2008). We first analysed the in vitro sensitivity to
cetuximab in cell lines with acquired resistance (A431-CR and
FaDu-CR) compared with parental cell lines (Figure 4A). A431-CR
and FaDu-CR cells appear to be resistant to cetuximab, exhibiting
an IC50 value X500 mgml� 1, similar to Detroit562 and Kyse30
cells. In the CR derivative cell lines, the effect of the dual PI3K/
mTOR inhibitor, PKI-587, has been evaluated on cell growth and
survival. As shown in Figure 4B, the combination treatments of
PKI-587 and cetuximab are able to partially restore sensitivity to

cetuximab even in presence of acquired resistance to the anti-
EGFR mAb. The effects of single and combination treatments of
cetuximab with PKI-587 on the expression/activation of several
transducers involved in cell proliferation, such as Akt, p70S6K,
MAPK, were then evaluated through western blot analysis. In cell
lines with acquired resistance, the use of cetuximab does not
induce alterations of the major downstream transducers of EGFR
(Figure 4C). PKI-587 alone, but even more the combined treatment
with cetuximab, induces the dephosphorylation/inactivation of Akt
and p70S6K, as confirmed through densitometric analysis. Similar
to intrinsically resistant cells,A431-CR and FaDu-CR cell lines also
do not display pro-caspase modulation. Conversely, an increased
expression of beclin-1, a major transducer of autophagy cell death,
was observed after the combination treatment and confirmed
through densitometric analysis (Figure 4C). The induction of
autophagy is also demonstrated by the decrease of p62 levels
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measured through both western blot and ELISA assay (Figures 4C
and D). In order to further evaluate the relationship between PKI-
587 treatment and the described alterations, we analysed the
correlation between the IC50 of PKI-587 and the protein reduction
of both p62 and caspase 3 levels, in all CR cell lines (Detroit562,
Kyse30, A431-CR and FaDu-CR) as described by Chang and Wang
(2013)). As depicted in Supplementary Figure S2, there was a
significant correlation between the IC50 of PKI-587 and the
reduction of p62 protein levels (Po0.01) but not of caspase 3 levels
in all four resistant cells (Supplementary Figure S2).

Cetuximab in combination with PKI-587 causes a cooperative
antitumour effect in resistant HNSCC tumour xenografts. The
antitumour effects observed in in vitro models of cetuximab
resistance by the simultaneous blockade of EGFR and PI3K/mTOR
prompted us to investigate such combination also in vivo. Balb/C
nude mice xenografted with resistant Kyse30 tumours were treated
with cetuximab or PKI-587, alone or in combination (Figure 5).
Untreated mice xenografted with Kyse30 cells reached the
maximum allowed tumour size of B2 cm3 on day 63, 9 weeks after
tumour injection. At this time point, cetuximab or PKI-587 alone
produced a growth inhibition of 40% and 70%, respectively, whereas
the combined treatment induced a more pronounced inhibition of
tumour growth (Figure 5A). Cetuximab-treated mice reached the
tumour size of 2 cm3 on day 84, 8 weeks after treatment withdrawal,
whereas mice treated with PKI-587 did not reach this size until the
end of experiment, on day 98. PKI-587 alone showed strong
antitumour activity, with 50% of growth inhibition until the end of
the experiment. The combined treatment with cetuximab and PKI-
587 persistently inhibited tumour growth, with an average tumour

size of 0.3 cm3 until the end of the experiment, corresponding to a
growth inhibition of 470%. Comparison of tumour sizes between
the control group and combined treatment group, evaluated by the
one-way ANOVA test, was statistically significant (Po0.001 at
median survival of the control group) (Figure 5A). Furthermore,
40% of mice treated with the combination of cetuximab and PKI-
587 were still alive at the end of the experiment. Accordingly, mice
treated with the combination treatment showed a statistically
significantly prolonged median survival compared with that of
control mice (combination vs control, median survival 92 vs 44.5
days, hazard ratio¼ 0.06621, 95% CI¼ 0.01797–0.2439, Po0.0001).
(Figure 5B). We then studied the effect of treatments on the
expression of proteins having a critical role in cancer cell
proliferation/survival. Western blot analysis was performed on
lysates from tumours removed at the end of the third week of
treatment, on day 31. As shown in Figure 5C, the combination
treatment of cetuximab and PKI-587 induced the dephosphoryla-
tion/inactivation of Akt, p70S6K and MAPK; as also demonstrated
in vitro, no evidence of caspase-dependent activation was found.
Conversely, the combination treatment induced autophagy, as
demonstrated by increase and decrease of the autophagy transducers
beclin-1 and p62, respectively. These results were confirmed through
densitometric analysis (Figure 5C).

DISCUSSION

The clinical use of cetuximab in the treatment of HNSCC is
significantly limited by the intrinsic resistance observed in most
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patients and by the onset of acquired resistance arising in
responders, despite its proven efficacy. Among several proposed
mechanisms of resistance against EGFR inhibitors, the aberrant

activation of intracellular signalling transducers appears to be of
interest. For example, the activation of Akt/mTOR has been
reported in 90% of HNSCC, independently from EGFR activation,
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Figure 4. Effects of cetuximab and PKI-587 combination on survival of cells with acquired resistance to cetuximab. (A) Percent of cell density
of human squamous cancer cells with acquired resistance to cetuximab (A431-CR, FaDu-CR) treated with increasing doses of cetuximab
(20–500mgml� 1) compared with parental cells (A431, FaDu). Data represent the mean (±s.d.) of three independent experiments, each performed
in triplicate. Error bars indicate s.d. values. (B) Percent of cell density of cetuximab-resistant cells (A431-CR, FaDu-CR) treated with increasing doses
of cetuximab (20–100mgml� 1) and combination with PKI-587 (0.5 nM), as measured by MTT assay. Data represent the mean (±s.d.) of three
independent experiments, each performed in triplicate. Error bars indicate s.d. values. Asterisks indicate statistical significance of combined
treatment vs single agent, as determined by Student’s t-test (*, two-sided Po0.05; **, two-sided Po0.005). (C) Western blot analysis of protein
expression in cetuximab-resistant cells treated for 24 h with cetuximab (200mgml�1), PKI-587 (50 nM) or their combination. Relative optical
densities of phospho-protein levels or protein levels normalised to the total protein or actin level, respectively, are shown. Data represent the
mean (±s.d.) of three independent experiments, each performed in triplicate, and are presented relative to control. (D) ELISA assay of p62 levels in
cetuximab-resistant cells treated for 24 h with cetuximab (200mgml� 1), PKI-587 (50 nM) or their combination. Values represent mean±s.d. from
triplicate samples for each treatment. Error bars indicate s.d. values.
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by tumour array analysis (Molinolo et al, 2007). Moreover,
aberrant expression of some key proteins, such as Akt, PTEN and
mTOR, has been reported in HNSCC clinical tumour samples
(Amornphimoltham et al, 2004; Nathan et al, 2007). Clinical trials
are now investigating the activity of some PI3K inhibitors
for incurable recurrent or metastatic HNSCC, including
PX-866 (NCT01252628), BKM120 (NCT01816984) or BYL719
(NCT01602315), in combination with cetuximab. Although the
overactivation of the PI3K pathway could contribute to HNSCC
progression (Lui et al, 2013), little is known about the functional
correlation of such alteration with resistance to cetuximab. The
present study aimed to investigate the role of PI3K-dependent
pathways in the context of innate and acquired resistance to anti-
EGFR therapy; therefore, we selected human squamous cancer
cellular models with different sensitivities to EGFR inhibitors,
including A431 and FaDu cells, sensitive to cetuximab, Detroit562
and Kyse30 cells, with intrinsic resistance to cetuximab, and
generated A431-CR and FaDu-CR cells, with acquired resistance to
cetuximab. We hypothesised that pharmacological inhibition of the
PI3K/Akt/mTOR pathway could revert the resistant phenotype. To
this purpose, we analysed the effect of the dual PI3K/mTOR
inhibitor, PF-05212384 (PKI-587), alone and in combination with
cetuximab, in both sensitive and resistant cells.

Our data demonstrate that the treatment with PKI-587 is able to
enhance sensitivity to cetuximab in HNSCC cells in vitro and to
revert constitutive or acquired resistance. Interestingly, a major
effect of the combined treatment is observed in Detroit562 cells,

which harbour a PI3K mutation (H1047R substitution). These data
are consistent with other reports showing the activity of dual
inhibitors in other cancer types, including those with PI3K or
K-RAS mutations. In CAL33 HNSCC cells, which harbour a
PIK3CA mutation, the addition of the PI3K inhibitor LY294002
increases cetuximab sensitivity (Rebucci et al, 2011). In patient-
derived xenografts of colorectal carcinomas, the triple therapy with
NVP-BEZ235, a dual inhibitor of PI3K and mTOR, cetuximab and
a MEK inhibitor provided improved disease control rate over
single-agent therapies (Migliardi et al, 2012), although greater
toxicity has been reported in preliminary clinical trials when the
combination of dual PI3K/mTOR and MEK inhibitors was used
(Shimizu et al, 2012). In EGFR-resistant non-small cell lung cancer
cell lines, treatment with NVP-BEZ235 is able to revert the HGF-
dependent resistant phenotype (Sano et al, 2013). Our data
demonstrated that PKI-587 cells display improved antitumour
activity when combined with cetuximab in resistant Kyse30
xenografts, with a prolonged advantage in terms of survival,
compared with single-agent therapies. These effects were paired
with an almost total suppression of the active phosphorylated form
of Akt, reduction in phospo-p706Sk and phospho-ERK1/2 in
tumour samples. These results are in line with those observed by
Yang et al (2013) in nude mice xenografted with human
nasopharyngeal carcinoma cells, in which a potent antitumour
effect is reported when cisplatin is combined with NVP-BEZ235. It
is known that PI3K activation could induce both pro-apoptotic or
antiapoptotic effects (Castedo et al, 2002). Activated p70S6K cells,
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Figure 5. Effect of cetuximab and PKI-587 combination on Kyse30 HNSCC tumour xenografts in nude mice. After 7 days from s.c. injection of
Kyse30 cells, mice were randomised (10 per group) to receive cetuximab, PKI-587 or their combination, as described in Materials and Methods.
The one-way ANOVA test was used to compare tumour sizes among different treatment groups at the median survival time of the control group
(42 days). (A) They were statistically significant for cetuximab, PKI-587 and the combination vs control (Po0,005). Error bars indicate s.d. values.
(B) Median survival was statistically significant for cetuximab, PKI-587 and their combination vs control (log-rank test). (C) Western blot analysis was
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the major downstream effector of mTOR, as well as pAkt, are able
to bind mitochondrial membranes and phosphorylate different
pro-apoptotic molecules, which become inactive, thus promoting
cell survival (Li et al, 2002). Conversely, mTOR is also able to
translocate into the nucleus, resulting in phosphorylation and
subsequent activation of p53.

This, in turn, induces the transcription of different pro-
apoptotic proteins, finally resulting in caspase activation. More-
over, the activated form of Akt is able to directly phosphorylate
and inhibit caspase 9 (Cardone et al, 1998). In addition, mTOR has
been found to have profound effects on the regulation of cell death
and control of apoptosis, a function that depends on the cellular
context (Castedo et al, 2002). Therefore, we investigated the effect
of double PI3K/mTOR inhibition on apoptosis signaling in the
context of cetuximab resistance. Our data demonstrated that when
PKI-587 is used in combination with cetuximab, despite the
inhibition of proliferation and induction of cell death that are
observed in either cetuximab-sensitive or -resistant cells, a caspase-
dependent activation of apoptosis is detected primarily in sensitive
cell lines. Therefore, we investigated alternative mechanisms of cell
death or survival in response to PI3K/mTOR blockade in resistant
cells, such as autophagy. Autophagy is a highly conserved catabolic
cellular survival mechanism that allows for protein turnover in
case of nutrient depletion and starvation (Sarbassov et al, 2005),
cellular events that are in turn regulated by mTOR. However,
although autophagy is best characterised as a survival response,
it can also function as a mechanism of programmed cell death
(Azad et al, 2008).

Consistently, in human glioma the treatment with NVP-BEZ235
induces autophagy (Liu et al, 2009), an effect observed also in
hepatocellular carcinoma cells (Thomas et al, 2012). Regulation of
beclin-1 appears to be an important mechanism to control
autophagy. Several studies demonstrated that beclin-1 upregulation
correlates with an increase in autophagy (Matsui et al, 2007;
Pacheco et al, 2007). On the other hand, decreased p62 levels can
be observed when autophagy is induced (Bjørkøy et al, 2009). On
the basis of our data, a different balance between cell death by
apoptosis and autophagy may be thought to exist in cetuximab-
sensitive vs -resistant HNSCC cells. In fact, we found that only in
cetuximab resistant cells an increase of beclin-1 and simultaneous
reduction of p62 are observed upon combined treatment. Taken
together, our results demonstrate that PKI-587 could act in
HNSCC cells by inducing a different type of cell death.
Furthermore, targeting the PI3K/mTOR pathways could restore
sensitivity to the mAb cetuximab in the condition of both
constitutive or acquired resistance to such agent.
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