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Abstract: The phosphoinositide-3-kinase (PI3K) pathway has widely been considered as a potential
therapeutic target for head and neck cancer (HNC); however, the application of PI3K inhibitors is
often overshadowed by the induction of drug resistance with unknown mechanisms. In this study,
PII3K inhibitor resistant cancer cells were developed by prolonged culturing of cell lines with BEZ235,
a dual PI3K and mammalian target of rapamycin (mTOR) inhibitor. The drug resistant HNC cells
showed higher IC50 of the proliferation to inhibitors specifically targeting PI3K and/or mTOR, as
compared to their parental cells. These cells also showed profound resistance to drugs of other classes.
Molecular analysis revealed persistent activation of phosphorylated AKT at threonine 308 in the drug
resistant cells and increased expression of markers for tumor-initiating cells. Interestingly, increased
intra-cellular ROS levels were observed in the drug resistant cells. Among anti-oxidant molecules,
the expression of SOD2 was increased and was associated with the ALDH-positive tumor-initiating
cell features. Co-incubation of SOD inhibitors and BEZ235 decreased the stemness feature of the cells
in vitro, as shown by results of the spheroid formation assay. In conclusion, dysregulation of SOD2
might contribute to the profound resistance to PI3K inhibitors and the other drugs in HNC cells.

Keywords: PI3K/mTOR pathway; target therapy; resistance; ROS; SOD2; tumor-initiating cells

1. Introduction

Head and neck cancer (HNC) is a term commonly used to describe different malignant
diseases arising from epithelial cells of the upper aerodigestive tract such as the oral
cavity and pharyngeal or laryngeal regions. They share common histology features with
squamous cell carcinoma, which is the most frequent type. The worldwide incidence of the
disease rapidly grew from 2008, with 263,900 cases, to 2018, with 890,000 cases, causing
128,000 and 450,000 deaths, respectively, and ranking sixth as the most common cancer in
the world [1,2]. Notably, the age-standardized incidence rate of HNC for males reached
25.7 per 100,000 populations in Taiwan during the years from 2000 to 2012, which was
approximately 2.5-fold higher than the world standard in that period [3]. The leading factor
in the regionally high incidence is a mixed consequence attributable to prevalent betel quid
consumption, which is commonly known to cause oral health problems [4]. The chemical
substances within betel quid were shown to be harmful to oral mucosae by eliciting
inflammation and cell cycle alteration in normal keratinocyte, eventually propogating
tumorigenesis [5]. Indeed, it has been shown that betel nut chewing has a much higher
tendency to induce oral leukoplakia and submucosal fibrotic change compared to other
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well-known carcinogens, such as cigarette smoking and alcohol consumption, in a case-
control study [6].

New discoveries in oncology showed certain aberrations in molecular signals that are
critical for tumors to survive. Targeting drugs against these factors provide therapeutic
opportunities that are more specific to tumors with less interference to the normal tissue.
The specific strategies differ from conventional chemotherapies, of which the given doses
are often limited by toxicities to reach the optimal treatment dose or must be administered
via alternative routes to minimize the adverse effects [7–9]. An example of targeting
drugs is the inhibitor against epidermal growth factor receptor (EGFR), which is a receptor
tyrosine kinase known to elicit intracellular signaling cascades when binding with specific
extracellular ligands [10]. A wide range of cancer diseases appear to have EGFR highly
expressed, and in some of them, such as HNC and colon cancer, are highly reliant on this
signaling pathway for their survival [11]. As a result, a monoclonal antibody cetuximab was
developed and approved for the treatment of these diseases [12,13]. However, resistance to
targeted therapy is commonly observed and it is known to be in part caused by molecular
alterations in cancer cells. For example, altering the expression of different EGFR isoforms
or subtypes may impede the anti-cancer effects of the EGFR inhibitors [14,15]. In addition,
dysregulated and constitutive activation of an intracellular signaling pathway, caused by
mutation of one of the downstream signaling molecules, like KRAS, has been shown to
cause cetuximab failure in colon cancer [16]. Similarly, upregulation of the PI3K/AKT
signaling pathway by aberrant expression of mutated PIK3CA genes or by loss of the
regulator PTEN was also associated with cetuximab resistance [17]. All these studies have
emphasized the importance of routine gene examination for predicting the effect of the
anti-EGFR antibody. Notably, the above-described pathways are also widely known for
their pathological roles in different HNC diseases [14,18–22]. Thus, compounds targeting
molecules within these signaling pathways have been considered as the next-generation
drugs for disease control [23,24].

As the PI3K signaling pathway plays multiple roles in the maintenance of cell survival,
inhibition of this pathway brings advantages in tumor control [25]. One of the attractive
class of anticancer agents is the quinolone derivatives that targets both PI3K and mTOR
simultaneously [26]. Of such, BEZ235 has demonstrated certain anticancer effects in a
few cancer types. This dual inhibitor was reported to be more potent in cancer cells with
PI3K aberrations, such as the H1047R mutation, than to class I PI3K specific inhibitor [27],
exhibiting advantage of use since the aberrant PI3K pathway has commonly been shown
to be related to the development of the disease [21]. Although recent efforts were made to
improve the pharmacological properties of BEZ235 [28], we noticed its complexity in terms
of the mechanism can lead to chances for cells to develop cross-resistance as a consequence
when the drug fails [29]. The underlying mechanism for resistance to develop is not clear,
but it has been suggested that enrichment of cells with stemness features may play a role
in the development of drug resistance [30].

In this study, we analyzed the cellular and molecular characteristics, especially the
stemness features, of HNC cells with and without PI3K inhibitor resistance. The possible
mechanism of drug resistance was studied in these HNC cells. Finally, we proposed a
potential treatment strategy to minimize the chance of developing drug resistance, which
could warrant future studies.

2. Results
2.1. Multi-Drug Resistance Is Induced by Prolonged Incubation of BEZ235 in HNC Cells

Human FaDu and UMSCC1 HNC cells were used in the current study. To develop
the resistant variants, cells were cultured with prolonged incubation of BEZ235. As shown
in Table 1, the BEZ235-resistant cells showed higher IC50 of BEZ235, as compared to
their parental cells. In addition, the BEZ235-resistant cells showed profound resistance
to LY294002 and rapamycin, which are PI3K and mTOR specific inhibitors, respectively.
These cells also exhibited resistance against the EGFR inhibitor, gefitinib. These results
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confirmed that multi-drug resistant HNC cells were developed by prolonged PI3K/mTOR
pathway blockage.

Table 1. IC50 of the drugs.

Drug BEZ235 LY294002 Rapamycin Gefitinib Cisplatin

Category PI3K/mTOR
inhibitor

PI3K
inhibitor

mTOR
inhibitor

EGFR
inhibitor

Platinum
chemother-

apy

FaDu *
Parental 50 nM 19.8 µM 0.6 µM 1.0 µM 1.30 µM

200r 850 nM 44.7 µM >10 µM 8.8 µM 3.85 µM
1000r >1500 nM 43.45 µM >10 µM 20 µM 4.59 µM

UMSCC1 *
Parental 16.39 nM 18.14 µM >50 µM 3.85 µM 5.64 µM

200r >500 nM 44.35 µM >50 µM >50 µM 3.12 µM
* The resistant cells were developed by prolonged incubation with 200 nM (200r) or 1000 nM (1000r) BEZ235.

To determine the mechanism of resistance, we investigated the expression of various
molecules of the PI3K/mTOR signaling pathway. As shown in Figure 1, expression of
the phosphorylated mTOR (s2481) and AKT (t308 and s473) was decreased in FaDu and
UMSCC1 cells treated with BEZ235, as expected. Similar results were observed in the
FaDu- and UMSCC1-dervided drug resistant cancer cells, except for the expression of the
phosphorylated AKT (t308) site, which showed increased expression upon the BEZ235
treatment. These results indicated that incomplete blockage of the PI3K/mTOR signals
signaling pathway might play a role in the development of drug resistance.
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Figure 1. BEZ235 induces differential effects on the expression of the phosphorylated AKT (t308)
in the drug sensitive FaDu/UMSCC1 cell lines and the FaDu/UMSCC1-dervided drug resistant
cells (A), FaDu and the resistant cells; (B), UMSCC1 and the resistant cells). Expression of different
proteins was examined by the Western blot analysis (abbreviation: p, phosphorylated).

2.2. The Drug Resistant HNC Cells Exhibit Features of Tumor-Initiating Cells

The AKT/mTOR signaling pathway is associated with functioning of the cancer stem-
ness features [31]. Increased expression of ALDH, which could be labeled by ALDEFLUOR,
is one of the markers for tumor-initiating cells. Here, the FaDu and UMSCC1-dervided
drug-resistant cells both showed increased expression of ALDH (Figure 2A). Results of
the Western blot analysis also showed increased expression of Bmi1 and Sox2, which are
markers for tumor-initiating cells, in the drug resistant cells (Figure 2B). Interestingly,
results of the real-time PCR also revealed increased expression of the Nanog, Oct4, Sox2,
and Bmi1 mRNA transcripts (markers of the tumor-initiating cells) in the drug resistant
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cells (Figure 2C). As tumor-initiating/cancer stem cells are known to exhibit multi-drug
resistance [32], our results suggested that the multi-drug resistant HNC cells developed in
our study may possibly be the tumor-initiating cells, a subpopulation of cells within the
original FaDu/UMSCC1 cell populations.
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Figure 2. The multi-drug resistant cells exhibit features of the tumor-initiating cells. (A) Cells were
stained with ALDEFLUOR for assessment of ALDH expression. The percentage of the gated area
was annotated. (200r was used for the study of resistant FaDu; * p < 0.05.) (B) Western blot analysis
of the expression of different stemness biomarkers in the parental and the drug-resistant cells was
studied for the protein expression. (200r was used for the study of resistant FaDu). (C) Expression of
the RNA transcripts of various stemness-related genes was examined by qPCR in the parental and
the two FaDu resistant cells (200r and 1000r).

2.3. Increased SOD2 Is Noted in Drug Resistant HNC Cells

Numerous drugs are known to be capable of causing ROS imbalance, which is harmful
for cells. Strict regulation of the ROS level is crucial for cells in limiting oxidative damage to
maintain their viability, and cells with enhanced ability in dealing with oxidative stress are
known to have a survival advantage over those without such ability. Our results showed
that BEZ235 increased the levels of ROS in the drug resistant cells (Figure 3A). As SOD2
plays an important role in regulating the levels of ROS (i.e., an anti-oxidant) in cells and
its expression is known to be regulated by the PI3K pathway, we postulated that the drug
resistance might exhibit an altered regulation on the expression of SOD2 [33]. Here, the
drug-resistant cells showed enhanced protein expression of SOD2 (Figure 3B), as compared
to the parental drug sensitive cells. Results of the qPCR analysis also revealed an increased
mRNA transcript level of SOD2, but not SOD1, which is a cytoplasmic counterpart from
the same family, in the FaDu-derived drug-resistant cells as compared to the parental FaDu
cells (Figure 3C). Notably by analyzing a publicly available cancer microarray dataset
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available in an online database (ONCOMINE; www.oncomine.org), we found that higher
SOD2 expression was generally predominantly expressed, compared to SOD1 and catalase,
in HNC tumors versus in normal tissue (Figure 3D). These data suggested the pivotal
role of the anti-oxidant molecule, SOD2, in association with resistant features and the
development of HNC disease [34–42].

1 
 

 

Figure 3. ROS analysis of the drug resistant cells. (A) The cells were assessed for the levels of ROS by
staining with dihydroethidium, and the signals were measured with FACS. (B) The expression of
SOD2 was examined by Western blot analysis. (C) The expression of the SOD1 and SOD2 mRNA
transcript was measured by qPCR and calculated for the ratio to parental cells. (D) Gene expression of
SOD1, SOD2, and catalase (CAT) in tumors versus normal tissue was obtained through ONCOMINE
and are shown in the heatmap graph. The rank for a gene is the median rank for that gene across
each of the analyses. The p-value for a gene is its p-value for the median-ranked analysis. [1. HNSCC
(Cromer 2004); 2. Tongue SCC (Estilo 2009); 3. HNSCC (Ginos 2004); 4. Tongue SCC (Kuriakose
2004); 5. Oral cavity SCC (Peng 2011); 6. Floor of the mouth carcinoma; 7. Oral cavity carcinoma;
8. Oropharyngeal carcinoma; 9. Tongue carcinoma; 10. Tonsillar Ccarcinoma (Pyeon 2007); 11.
Hypopharyngeal SCC (Schlingemann 2005); 12. Oral cavity SCC epithelia (Toruner 2004); 13. Tongue
SCC (Ye 2008)].

2.4. Inhibition of SOD2 Results in Reduced Stemness Features

We next investigated the role of SOD2 in inducing the stemness features in the drug
resistant cells. We found that a subgroup of ALDH-positive FaDu cells exhibited higher
SOD2 expression (Figure 4A). More importantly, short-term inhibition of the PI3K pathway
could induce SOD2 expression (Figure 4B). Because previous reports have shown associa-
tions between SOD2 and the cancer stemness features [43–45], we postulated the treatment
could have adverse effect in bringing cell tolerance, and hence, selecting subgroups of

www.oncomine.org
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stem-like cells that impede further treatment. We subsequently found that co-incubation
of SOD inhibitors with BEZ235 could significantly suppress the development of spheroid
cells mass formation (Figure 4C,D). Collectively, results of our study suggested a poten-
tial treatment strategy to minimize accumulation of these specific aggressive subsets by
combination therapy.
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ALDH-positive cells were sorted to compare with the ALDH-negative cells. The mRNA expression
levels of SOD2 and ALDH were then analyzed by qPCR and standardized using ALDH-negative
cells. (B) Tumor cells were treated with BEZ235 in different doses for 24 h. Cell lysates were extracted
for protein analysis. (C) The parental and the resistant cells were incubated in serum-free culture
medium for spheroid formation with or without BEZ235 and SOD inhibitor (SODi) (200r was used
for the study of resistant FaDu). (D) Four photographs from the randomized fields of each condition
(panel (C)) were taken under microscopy, and the numbers of spheroids were counted with the
individual diameters recorded. The results were plotted in the bar graphs (* p < 0.05).

3. Discussion

Treatment of advanced HNC is often unsuccessful as affected by the induction of drug
resistance. Here, we showed that the drug resistant cells have higher SOD2 expression
levels, and PI3K/mTOR inhibition increased the SOD2 levels in cells. Failure to inhibit
the pathway completely had profound resistance against the anti-tumor treatments that
have similar mechanisms as well as those with different mechanisms (Figure 1), causing
the cells to survive multiple drug treatments (Table 1). The consequence was enhancement
of cells with tumor-initiating cell properties (Figure 2). The increased cellular level of SOD2
and the higher tolerance to ROS in the resistant cells implied its functional significance
(Figure 3A,B and Figure 4A). SOD2 has been frequently reported mandatory for cancer
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stemness features [43–45]. Supportively, inhibition of SOD2 led to cells with the afore-
mentioned features decreased, such as the decreased spheroid formation (Figure 4C,D).
To date, targeting cancer stem-like cells yields only modest treatment effect in clinical
trials, reflecting our lack of understanding of these unique but crucial subsets [46]. Though
this result remains far from a clinical application, our identification of SOD2 as a crucial
molecule in the induction of drug resistance helps to understand the role of the protein and
the specific cells in the tumor tissue. This in turn has potential to improve cancer treatment
with PI3K-inhibiting strategies in the future.

PI3K signals are known to be critical in the development of HNC [21], and the PI3K
signaling pathway is widely believed to be a potential therapeutic target for treating
HNC. Previous studies with mTOR inhibition, however, revealed feedback loops with the
activation of upstream signaling [47]. This led to the development of the dual inhibitors
that targeted PI3K/mTOR in the same cascades. However, results of the current study
suggested eventual failure of the strategy. Multiple factors could be responsible for the
acquired resistance, and here, we noticed the incomplete blocking of signals by activated
AKT. This finding was in accordance with the report by Dufour et al. that suggested extra
combinations with AKT inhibitors to achieve complete blockage of the pathway [48].

The tumor subsets with stemness features may have the advantage to survive from
prolonged target therapy, thereby causing treatment failure. PI3K signals were literally
known to be associated with the tumor-initiating features [49]; thus, it was not surprising
to observe the enrichment of specific cell populations as a result of incomplete blockage of
the signaling pathway. In fact, treatment with the PI3K/mTOR inhibitor resulted in higher
proportion of ALDEFLUOR-positive cells (Figure 2A). This consequence from blocking the
pathway is in accordance with reports using cells of other cancer types [31,50].

Tumor cell adaption in metabolic homeostasis contributes to promoting cell prolifera-
tion and the induction of drug resistance in cancer cells [51]. Accumulation of ROS could
be controversial in determining cell fate. Emerging data suggested cell reaction to oxygen
stress is associated with PI3K/mTOR inhibition and is often related to drug resistance. In
chronic myeloid leukemia cells, AKT upregulation-induced ROS production attenuated
the anticancer effects of imatinib by enriching progenitor cells, which in turn affected
susceptibility of the target therapy [52]. In vascular smooth muscle cells, ROS was found
to be responsible for the activation of AKT by angiotensin II [53]. In breast cancer cells,
increased ROS levels in the drug resistant cells caused by retrieving from PI3K inhibitors
during drug holidays would cause a proliferative defect in cells, suggesting a positive
effect on tumor control [54]. Inhibition of the AKT pathway by a novel anti-mitotic agent,
rigosertib, suggested induced ROS contributed to the treatment of HNC [55]. However,
altered redox homeostasis caused by continuous interference from anti-cancer agents can
enhance cell capacity in managing excessive ROS levels, and in turn, induct more resistant
features [56].

Advancement in oncology suggests specific subsets of tumor-initiating/stem cells to
promote resistance in cancer disease, including HNC [57]. Although it remains uncertain
whether they are the decisive factors in the process, a clinical study already showed
that higher expression of the stemness-featured biomarkers was associated with worse
treatment outcome [58]. Anti-cancer drugs often result in an enriched stemness-featured
subpopulation [59]. Enhancement of tumor-initiating cell features has been reported
to accompany increased expression of SOD2, and as a result, strengthen the cells by
superior ROS adjustment [45]. This can cause profound resistance, which in turn, affects
treatment efficacy of the other mechanisms, such as cisplatin in resistant FaDu (Table 1) [44].
However, unlike target therapy, the resistance toward chemotherapy is often a net result
of multiple complicated mechanisms [60], and thus, the cross-resistance was not similarly
noted in the resistant UMSCC1 cells. In addition, considering that ALDEFLUOR cannot
represent all tumor-initiating cells in HNC, the lack of SOD2 and resistance data in terms
of the other selecting methods with CD44 or CD133 biomarkers is also a concern [61].
Nevertheless, results support an association of SOD2 with Bmi1, in accordance with the
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other reports [62,63]. Moreover, given that PI3K pathways are involved in regulation of
ABC family of transport proteins such as ABCB1 and ABCG2 [50], and that PI3K/mTOR
inhibitors were reported as substrates for these transporters, it was not surprising these
cells could be involved in the acquired resistance [64]. Supportively in glioblastoma, the
stemness featured subgroups with increased SOD2 that showed superior tolerance in
oxidative stress, allowing them to take advantage in surviving cytotoxicity from another
chemotherapy, temozolomide [45]. Altogether, these results support our finding of SOD2
as being a crucial factor that is associated with tumor-initiating cell features for enrichment
of these HNC subsets, which in turn could contribute to multi-drug resistance.

In summary, acquisition of resistance may involve alterations of cell populations that
have more predominant tumor-initiating cell features prone to survive harsh environments.
These cells are capable for mitigating ROS toxicity that can contribute to the cross-resistance
of other anti-tumor drugs. Importantly, inhibition of SOD2 leads to decreased spheroid
formation, suggesting potential combination strategies in tumor treatment to overcome
resistance. The study was made on cancer cell lines but not clinical samples, which was the
major limitation. However, the application of ONCOMINE databases could suggest the
findings have relevance for clinical disease. In addition, it is still unknown if the superior
ROS clearance ability in this specific subgroup of cells has a direct correlation to enrichment
of stemness features, and this question remains for future work.

4. Materials and Methods
4.1. Culture of the HNC Cell Lines and Derivation of the TMZ-Resistant Cells

The human HNC cell lines FaDu were purchased from American Type Culture Col-
lection (Manassas, VA, USA) and UMSCC1 was a gift from Chia-Jui Yen (Department of
Oncology, National Cheng Kung University, Tainan, Taiwan). DMEM with supplementa-
tion of 10% fetal bovine serum and penicillin/gentamicin antibiotics was used as medium
(all from Invitrogen, Waltham, MA, USA). The resistant cells were derived from prolonged
incubation with BEZ235 (Selleck, Houston, TX, USA) in the concentrations of 200 nM for
FaDu and UMSCC1, and 1000 nM for FaDu. The compound in the beginning reduced the
cellular proliferation and survival significantly, but eventually ended up with recovery in
these parameters. Randomized single-cell clones were then selected and cultured. Both
cells, FaDu and UMSCC1, were grown for at least 8 months (200r) and longer (1000r) to
establish resistance. The resistant cells were maintained by 200 nM for 200r and 1000 nM
for 1000r.

4.2. Western Blot Analysis

Whole cell lysate was separated in the SDS-PAGE by electrophoresis. It was then
transferred onto polyvinylidene difluoride membranes (Bio-Rad, Hercules, CA, USA).
The membranes were then blocked overnight in 5% nonfat milk with primary antibodies
against SOD2 (1:3000, Cell Signaling, Danvers, MA, USA), Bmi1 (1:1000, GeneTex, Irvine,
CA, USA), SOX2 (1:1000, GeneTex, Irvine, CA, USA), phosphorylated or total mTOR,
phosphorylated or total mTOR, AKT (all from Cell Signaling, Danvers, MA, USA), and beta-
actin (1:5000, Millipore, Burlington, MA, USA). After washing with phosphate buffered
saline, they were incubated with secondary antibodies. The signals were then elicited with
chemiluminescence substrate, and the intensity was detected with Amersham Hyperfilm
ECL (GE Healthcare, Chicago, IL, USA).

4.3. Quantitative Real-Time Polymerase Chain Reaction (qPCR)

Total RNA was isolated from cells by standard procedure with TRIzol (Invitrogen,
Waltham, MA, USA). It was then subjected to qRT-PCR with SuperScript II reagent (Invit-
rogen, Waltham, MA, USA). For preparation, the product was mixed with SYBR® Green
Master Mix (Applied Biosystems, Foster City, CA, USA) and the primers were the follow-
ing: SOD2, F:5’-GGCCTACGTGAACAACCTGAA, R:5’-CTGTAACATCTCCCTTGGCCA;
Nanog, F:5’-AATACCTCAGCCTCCAGCAGATG, R:5’-TGCGTCACACCATTGCTATTCTTC;
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Oct4, F:5′-CTTGCTGCAGAAGTGGGTGGAGGAA, R:5′-CTGCAGTGTGGGTTTCGGGCA;
Bmi1, F:5’-TGGAGAAGGAATGGTCCACTTC, R:5’-GTGAGGAAACTGTGGATGAGGA;
SOX2, F:5’-AAATGGGAGGGGTGCAAAAGAGGAG, R:5’-CAGCTGTCATTTGCTGTG
GGTGATG; GAPDH, F:5′-GAAGGTGAAGGTCGGAGTC, R:5′-GAAGATGGTGATGGGATTC.
The mixture was amplified and quantified by ABI 7000 Sequence Detection System (Ap-
plied Biosystems, Foster City, CA, USA). The data were then normalized to GAPDH using
the 2−∆∆Ct formula.

4.4. Clonogenic Assay and Cell Density Assay

Cells were cultured in quantities of 400 or 5000–20,000 cells/mL/well in a 6- or 24-well
plate with or without treatment for clonogenic assay or cell density assay, respectively. For
clonogenic assay, the cells were washed after three days and incubated in treatment-free
medium to allow them to grow into colonies. The number of colonies was then counted
after staining and fixing of the cells with 50% ethanol containing 0.5% methylene blue
(Sigma-Aldrich, St. Louis, MO, USA) for 90 min. For the cell density assay, cells were
allowed proliferate with drug treatment. After three days the cells were stained and fixed
with the aforementioned solution. For quantification, they were dissolved in 1% N-lauroyl-
sarcosine (Sigma-Aldrich, St. Louis, MO, USA), then the optical density of the wavelength
at 570 nm was measured by the microplate reader.

4.5. Detection of ALDH and ROS Expression by Flow Cytometry

Cells were pretreated and dissociated. For evaluation of the tumor-initiating feature,
they were stained with ALDEFLUOR (STEMCELL Technologies, Vancouver, Canada)
in presence or absence of the inhibitor diethylaminobenzaldehyde (DEAB; STEMCELL
Technologies, Vancouver, Canada) to detect the specific marker ALDH [65]. In brief, cells
were mixed in buffer-diluted ALDEFLUOR, and for control, was immediately transferred
to DEAB. After incubation in 37 ◦C for 30 min, the cells were washed and resolved in
the buffer. For ROS, they were labeled with dihydroethidium (Cayman, Ann Arbor, MI,
USA). After incubation in 37 ◦C for 30 min, they were washed and resolved in PBS. The
staining results of these cells were then studied and quantified for up to 10,000 cells using
fluorescence-activated cell sorting (FACS) with a FACSCalibur system (BD Biosciences,
Franklin Lakes, NJ, USA). The data were then analyzed via CellQuest (BD Biosciences,
Franklin Lakes, NJ, USA).

The sorting process was through FACSAria™ III (BD Biosciences, Franklin Lakes, NJ,
USA) for concomitant isolation of the ALDH-positive and the -negative cells, according
to the ALDEFLUOR staining result. The cells were collected in the serum-free, growth
factor-supplemented DMEM/F12 medium. At least 20,000 cells were used in each group
for immediate RNA preparation, followed by the qPCR as described previously.

4.6. Tumor Spheroid Formation Assays

Cells were cultured in serum-free DMEM/F12 medium containing 2% B27 supplement,
epidermal growth factor (20 ng/mL), and basic fibroblast growth factor (20 ng/mL) for
supplementation. To promote anchorage-independent spheroid growth, methylcellulose
(Sigma-Aldrich, St. Louis, MO, USA) with the concentration of 0.3% was added to the
medium and was cultured in Costar®Ultra-Low Attachment Plates (Corning, Corning,
NY, USA) [66]. For inhibition, a SOD inhibitor (SODi) sodium diethyldithiocarbamate
trihydrate (Sigma-Aldrich, St. Louis, MO, USA) was applied for co-incubation.

4.7. Statistical Consideration

Statistical analysis of the data were obtained by using Prism 7 (version 7.03, GraphPad,
La Jolla, CA, USA). The differences in continuous variables were calculated by Unpaired,
Two-Tailed Student’s t-Test, with p value equaled 0.05 or less to be considered significant.



Int. J. Mol. Sci. 2021, 22, 11260 10 of 13

Author Contributions: Conceptualization, K.-Y.C.; data curation, C.-H.C., S.-W.C., P.-I.C. and J.-M.C.;
formal analysis, K.-Y.C.; funding acquisition, K.-Y.C.; investigation, C.-H.C.; methodology, P.-I.C. and
J.-M.C.; project administration, W.-T.H. and S.-H.C.; supervision, W.-T.H. and S.-H.C.; validation,
C.-H.C.; visualization, J.-M.C.; writing—original draft, K.-Y.C. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by grants from the Ministry of Science and Technology of Taiwan
(MOST 110-2314-B-400-047, 110-2314-B-400-030) and the National Health Research Institutes, Taiwan
(CA-110-PP-19).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Chun Hei Antonio Cheung (Department of Pharmacology, School of
Medicine, National Cheng Kung University, Tainan, Taiwan) for language suggestion of this article.

Conflicts of Interest: The authors declared no conflict of interest.

References
1. Jemal, A.; Bray, F.; Center, M.M.; Ferlay, J.; Ward, E.; Forman, D. Global cancer statistics. CA Cancer J. Clin. 2011, 61, 69–90.

[CrossRef] [PubMed]
2. Johnson, D.E.; Burtness, B.; Leemans, C.R.; Lui, V.W.Y.; Bauman, J.E.; Grandis, J.R. Head and neck squamous cell carcinoma. Nat.

Rev. Dis. Primers 2020, 6, 92. [CrossRef]
3. Krishna Rao, S.V.; Mejia, G.; Roberts-Thomson, K.; Logan, R. Epidemiology of oral cancer in Asia in the past decade–an update

(2000–2012). Asian Pac. J. Cancer Prev. 2013, 14, 5567–5577. [CrossRef]
4. Ko, Y.C.; Huang, Y.L.; Lee, C.H.; Chen, M.J.; Lin, L.M.; Tsai, C.C. Betel quid chewing, cigarette smoking, and alcohol consumption

related to oral cancer in Taiwan. J. Oral Pathol. Med. 1995, 24, 450–453. [CrossRef]
5. Chang, M.C.; Wu, H.L.; Lee, J.J.; Lee, P.H.; Chang, H.H.; Hahn, L.J.; Lin, B.R.; Chen, Y.J.; Jeng, J.H. The induction of prostaglandin

E2 production, interleukin-6 production, cell cycle arrest, and cytotoxicity in primary oral keratinocytes and KB cancer cells by
areca nut ingredients is differentially regulated by MEK/ERK activation. J. Biol. Chem. 2004, 279, 50676–50683. [CrossRef]

6. Lee, C.H.; Ko, Y.C.; Huang, H.L.; Chao, Y.Y.; Tsai, C.C.; Shieh, T.Y.; Lin, L.M. The precancer risk of betel quid chewing, tobacco
use and alcohol consumption in oral leukoplakia and oral submucous fibrosis in southern Taiwan. Br. J. Cancer 2003, 88, 366–372.
[CrossRef] [PubMed]

7. Wen, Y.; Grandis, J.R. Emerging drugs for head and neck cancer. Expert Opin. Emerg. Drugs. 2015, 20, 313–329. [CrossRef]
8. Bennardo, L.; Bennardo, F.; Giudice, A.; Passante, M.; Dastoli, S.; Morrone, P.; Provenzano, E.; Patruno, C.; Nisticò, S.P. Local

Chemotherapy as an Adjuvant Treatment in Unresectable Squamous Cell Carcinoma: What Do We Know So Far? Curr. Oncol.
2021, 28, 2317–2325. [CrossRef] [PubMed]

9. Pentangelo, G.; Nisticò, S.P.; Provenzano, E.; Cisale, G.Y.; Bennardo, L. Topical 5% Imiquimod Sequential to Surgery for
HPV-Related Squamous Cell Carcinoma of the Lip. Medicina 2021, 57, 563. [CrossRef]

10. Ciardiello, F.; Tortora, G. EGFR antagonists in cancer treatment. N. Engl. J. Med. 2008, 358, 1160–1174. [CrossRef] [PubMed]
11. Grandis, J.R.; Tweardy, D.J. Elevated levels of transforming growth factor alpha and epidermal growth factor receptor messenger

RNA are early markers of carcinogenesis in head and neck cancer. Cancer Res. 1993, 53, 3579–3584. [PubMed]
12. Bonner, J.A.; Harari, P.M.; Giralt, J.; Azarnia, N.; Shin, D.M.; Cohen, R.B.; Jones, C.U.; Sur, R.; Raben, D.; Jassem, J.; et al.

Radiotherapy plus cetuximab for squamous-cell carcinoma of the head and neck. N. Engl. J. Med. 2006, 354, 567–578. [CrossRef]
13. Vermorken, J.B.; Mesia, R.; Rivera, F.; Remenar, E.; Kawecki, A.; Rottey, S.; Erfan, J.; Zabolotnyy, D.; Kienzer, H.R.; Cupissol, D.;

et al. Platinum-based chemotherapy plus cetuximab in head and neck cancer. N. Engl. J. Med. 2008, 359, 1116–1127. [CrossRef]
[PubMed]

14. Sok, J.C.; Coppelli, F.M.; Thomas, S.M.; Lango, M.N.; Xi, S.; Hunt, J.L.; Freilino, M.L.; Graner, M.W.; Wikstrand, C.J.; Bigner, D.D.;
et al. Mutant epidermal growth factor receptor (EGFRvIII) contributes to head and neck cancer growth and resistance to EGFR
targeting. Clin. Cancer Res. 2006, 12, 5064–5073. [CrossRef] [PubMed]

15. Wheeler, D.L.; Huang, S.; Kruser, T.J.; Nechrebecki, M.M.; Armstrong, E.A.; Benavente, S.; Gondi, V.; Hsu, K.T.; Harari, P.M.
Mechanisms of acquired resistance to cetuximab: Role of HER (ErbB) family members. Oncogene 2008, 27, 3944–3956. [CrossRef]

16. Karapetis, C.S.; Khambata-Ford, S.; Jonker, D.J.; O’Callaghan, C.J.; Tu, D.; Tebbutt, N.C.; Simes, R.J.; Chalchal, H.; Shapiro,
J.D.; Robitaille, S.; et al. K-ras Mutations and benefit from cetuximab in advanced colorectal cancer. N. Engl. J. Med. 2008, 359,
1757–1765. [CrossRef]

17. Jhawer, M.; Goel, S.; Wilson, A.J.; Montagna, C.; Ling, Y.H.; Byun, D.S.; Nasser, S.; Arango, D.; Shin, J.; Klampfer, L.; et al. PIK3CA
mutation/PTEN expression status predicts response of colon cancer cells to the epidermal growth factor receptor inhibitor
cetuximab. Cancer Res. 2008, 68, 1953–1961. [CrossRef]

http://doi.org/10.3322/caac.20107
http://www.ncbi.nlm.nih.gov/pubmed/21296855
http://doi.org/10.1038/s41572-020-00224-3
http://doi.org/10.7314/apjcp.2013.14.10.5567
http://doi.org/10.1111/j.1600-0714.1995.tb01132.x
http://doi.org/10.1074/jbc.M404465200
http://doi.org/10.1038/sj.bjc.6600727
http://www.ncbi.nlm.nih.gov/pubmed/12569378
http://doi.org/10.1517/14728214.2015.1031653
http://doi.org/10.3390/curroncol28040213
http://www.ncbi.nlm.nih.gov/pubmed/34201867
http://doi.org/10.3390/medicina57060563
http://doi.org/10.1056/NEJMra0707704
http://www.ncbi.nlm.nih.gov/pubmed/18337605
http://www.ncbi.nlm.nih.gov/pubmed/8339264
http://doi.org/10.1056/NEJMoa053422
http://doi.org/10.1056/NEJMoa0802656
http://www.ncbi.nlm.nih.gov/pubmed/18784101
http://doi.org/10.1158/1078-0432.CCR-06-0913
http://www.ncbi.nlm.nih.gov/pubmed/16951222
http://doi.org/10.1038/onc.2008.19
http://doi.org/10.1056/NEJMoa0804385
http://doi.org/10.1158/0008-5472.CAN-07-5659


Int. J. Mol. Sci. 2021, 22, 11260 11 of 13

18. Chiang, W.F.; Liu, S.Y.; Yen, C.Y.; Lin, C.N.; Chen, Y.C.; Lin, S.C.; Chang, K.W. Association of epidermal growth factor receptor
(EGFR) gene copy number amplification with neck lymph node metastasis in areca-associated oral carcinomas. Oral Oncol. 2008,
44, 270–276. [CrossRef]

19. Qiu, W.; Schonleben, F.; Li, X.; Ho, D.J.; Close, L.G.; Manolidis, S.; Bennett, B.P.; Su, G.H. PIK3CA mutations in head and neck
squamous cell carcinoma. Clin. Cancer Res. 2006, 12, 1441–1446. [CrossRef]

20. Wu, H.T.; Ko, S.Y.; Fong, J.H.; Chang, K.W.; Liu, T.Y.; Kao, S.Y. Expression of phosphorylated Akt in oral carcinogenesis and its
induction by nicotine and alkaline stimulation. J. Oral Pathol. Med. 2009, 38, 206–213. [CrossRef]

21. Lui, V.W.; Hedberg, M.L.; Li, H.; Vangara, B.S.; Pendleton, K.; Zeng, Y.; Lu, Y.; Zhang, Q.; Du, Y.; Gilbert, B.R.; et al. Frequent
mutation of the PI3K pathway in head and neck cancer defines predictive biomarkers. Cancer Discov. 2013, 3, 761–769. [CrossRef]

22. Chang, K.Y.; Tsai, S.Y.; Chen, S.H.; Tsou, H.H.; Yen, C.J.; Liu, K.J.; Fang, H.L.; Wu, H.C.; Chuang, B.F.; Chou, S.W.; et al. Dissecting
the EGFR-PI3K-AKT pathway in oral cancer highlights the role of the EGFR variant III and its clinical relevance. J. Biomed. Sci.
2013, 20, 43. [CrossRef]

23. Dunn, L.A.; Riaz, N.; Fury, M.G.; McBride, S.M.; Michel, L.; Lee, N.Y.; Sherman, E.J.; Baxi, S.S.; Haque, S.S.; Katabi, N.; et al. A
phase 1b study of cetuximab and BYL719 (Alpelisib) concurrent with intensity modulated radiation therapy in stage III-IVB head
and neck squamous cell carcinoma. Int. J. Radiat. Oncol. Biol. Phys. 2020, 106, 564–570. [CrossRef] [PubMed]

24. Soulieres, D.; Faivre, S.; Mesia, R.; Remenár, É.; Li, S.H.; Karpenko, A.; Dechaphunkul, A.; Ochsenreither, S.; Kiss, L.A.; Lin, J.C.;
et al. Buparlisib and paclitaxel in patients with platinum-pretreated recurrent or metastatic squamous cell carcinoma of the head
and neck (BERIL-1): A randomised, double-blind, placebo-controlled phase 2 trial. Lancet Oncol. 2017, 18, 323–335. [CrossRef]

25. Chang, K.Y.; Tsai, S.Y.; Wu, C.M.; Yen, C.J.; Chuang, B.F.; Chang, J.Y. Novel phosphoinositide 3-kinase/mTOR dual inhibitor,
NVP-BGT226, displays potent growth-inhibitory activity against human head and neck cancer cells in vitro and in vivo. Clin.
Cancer Res. 2011, 17, 7116–7126. [CrossRef] [PubMed]

26. Shaik, A.; Kirubakaran, S. Evolution of PIKK family kinase inhibitors: A new age cancer therapeutics. Front. Biosci. (Landmark
Ed.) 2020, 25, 1510–1537. [CrossRef]

27. Wirtz, E.D.; Hoshino, D.; Maldonado, A.T.; Tyson, D.R.; Weaver, A.M. Response of head and neck squamous cell carcinoma cells
carrying PIK3CA mutations to selected targeted therapies. JAMA Otolaryngol. Head Neck Surg. 2015, 141, 543–549. [CrossRef]

28. Tian, L.; Wang, L.; Qiao, Y.; Lu, L.; Lee, P.; Chang, A.; Ravi, S.; Rogers, T.A. Melancon MP. Antitumor Efficacy of Liposome-
Encapsulated NVP-BEZ235 Combined with Irreversible Electroporation for Head and Neck Cancer. Molecules 2019, 24, 3560.
[CrossRef]

29. Schulz, D.; Wirth, M.; Piontek, G.; Buchberger, A.M.; Schlegel, J.; Reiter, R.; Multhoff, G.; Pickhard, A. HNSCC cells resistant to
EGFR pathway inhibitors are hypermutated and sensitive to DNA damaging substances. Am. J. Cancer Res. 2016, 6, 1963–1975.

30. Januchowski, R.; Wojtowicz, K.; Zabel, M. The role of aldehyde dehydrogenase (ALDH) in cancer drug resistance. Biomed.
Pharmacother. 2013, 67, 669–680. [CrossRef]

31. Dubrovska, A.; Kim, S.; Salamone, R.J.; Walker, J.R.; Maira, S.M.; García-Echeverría, C.; Schultz, P.G.; Reddy, V.A. The role of
PTEN/Akt/PI3K signaling in the maintenance and viability of prostate cancer stem-like cell populations. Proc. Natl. Acad. Sci.
USA 2009, 106, 268–273. [CrossRef]

32. Dean, M.; Fojo, T.; Bates, S. Tumour stem cells and drug resistance. Nat. Rev. Cancer 2005, 5, 275–284. [CrossRef]
33. Li, M.; Chiu, J.F.; Mossman, B.T.; Fukagawa, N.K. Down-regulation of manganese-superoxide dismutase through phosphorylation

of FOXO3a by Akt in explanted vascular smooth muscle cells from old rats. J. Biol. Chem. 2006, 281, 40429–40439. [CrossRef]
34. Cromer, A.; Carles, A.; Millon, R.; Ganguli, G.; Chalmel, F.; Lemaire, F.; Young, J.; Dembélé, D.; Thibault, C.; Muller, D.; et al.

Identification of genes associated with tumorigenesis and metastatic potential of hypopharyngeal cancer by microarray analysis.
Oncogene 2004, 23, 2484–2498. [CrossRef]

35. Estilo, C.L.; O-charoenrat, P.; Talbot, S.; Socci, N.D.; Carlson, D.L.; Ghossein, R.; Williams, T.; Yonekawa, Y.; Ramanathan, Y.; Boyle,
J.O.; et al. Oral tongue cancer gene expression profiling: Identification of novel potential prognosticators by oligonucleotide
microarray analysis. BMC Cancer 2009, 9, 11. [CrossRef]

36. Ginos, M.A.; Page, G.P.; Michalowicz, B.S.; Patel, K.J.; Volker, S.E.; Pambuccian, S.E.; Ondrey, F.G.; Adams, G.L.; Gaffney, P.M.
Identification of a gene expression signature associated with recurrent disease in squamous cell carcinoma of the head and neck.
Cancer Res. 2004, 64, 55–63. [CrossRef]

37. Kuriakose, M.A.; Chen, W.T.; He, Z.M.; Sikora, A.G.; Zhang, P.; Zhang, Z.Y.; Qiu, W.L.; Hsu, D.F.; McMunn-Coffran, C.; Brown,
S.M.; et al. Selection and validation of differentially expressed genes in head and neck cancer. Cell. Mol. Life Sci. 2004, 61,
1372–1383. [CrossRef] [PubMed]

38. Peng, C.H.; Liao, C.T.; Peng, S.C.; Chen, Y.J.; Cheng, A.J.; Juang, J.L.; Tsai, C.Y.; Chen, T.C.; Chuang, Y.J.; Tang, C.Y.; et al. A novel
molecular signature identified by systems genetics approach predicts prognosis in oral squamous cell carcinoma. PLoS ONE 2011,
6, e23452. [CrossRef] [PubMed]

39. Pyeon, D.; Newton, M.A.; Lambert, P.F.; den Boon, J.A.; Sengupta, S.; Marsit, C.J.; Woodworth, C.D.; Connor, J.P.; Haugen,
T.H.; Smith, E.M.; et al. Fundamental differences in cell cycle deregulation in human papillomavirus-positive and human
papillomavirus-negative head/neck and cervical cancers. Cancer Res. 2007, 67, 4605–4619. [CrossRef]

http://doi.org/10.1016/j.oraloncology.2007.02.008
http://doi.org/10.1158/1078-0432.CCR-05-2173
http://doi.org/10.1111/j.1600-0714.2008.00659.x
http://doi.org/10.1158/2159-8290.CD-13-0103
http://doi.org/10.1186/1423-0127-20-43
http://doi.org/10.1016/j.ijrobp.2019.09.050
http://www.ncbi.nlm.nih.gov/pubmed/31678634
http://doi.org/10.1016/S1470-2045(17)30064-5
http://doi.org/10.1158/1078-0432.CCR-11-0796
http://www.ncbi.nlm.nih.gov/pubmed/21976531
http://doi.org/10.2741/4866
http://doi.org/10.1001/jamaoto.2015.0471
http://doi.org/10.3390/molecules24193560
http://doi.org/10.1016/j.biopha.2013.04.005
http://doi.org/10.1073/pnas.0810956106
http://doi.org/10.1038/nrc1590
http://doi.org/10.1074/jbc.M606596200
http://doi.org/10.1038/sj.onc.1207345
http://doi.org/10.1186/1471-2407-9-11
http://doi.org/10.1158/0008-5472.CAN-03-2144
http://doi.org/10.1007/s00018-004-4069-0
http://www.ncbi.nlm.nih.gov/pubmed/15170515
http://doi.org/10.1371/journal.pone.0023452
http://www.ncbi.nlm.nih.gov/pubmed/21853135
http://doi.org/10.1158/0008-5472.CAN-06-3619


Int. J. Mol. Sci. 2021, 22, 11260 12 of 13

40. Schlingemann, J.; Habtemichael, N.; Ittrich, C.; Toedt, G.; Kramer, H.; Hambek, M.; Knecht, R.; Lichter, P.; Stauber, R.; Hahn,
M. Patient-based cross-platform comparison of oligonucleotide microarray expression profiles. Lab. Invest. 2005, 85, 1024–1039.
[CrossRef] [PubMed]

41. Toruner, G.A.; Ulger, C.; Alkan, M.; Galante, A.T.; Rinaggio, J.; Wilk, R.; Tian, B.; Soteropoulos, P.; Hameed, M.R.; Schwalb, M.N.;
et al. Association between gene expression profile and tumor invasion in oral squamous cell carcinoma. Cancer Genet. Cytogenet.
2004, 154, 27–35. [CrossRef]

42. Ye, H.; Yu, T.; Temam, S.; Ziober, B.L.; Wang, J.; Schwartz, J.L.; Mao, L.; Wong, D.T.; Zhou, X. Transcriptomic dissection of tongue
squamous cell carcinoma. BMC Genom. 2008, 9, 69. [CrossRef]

43. Kinugasa, H.; Whelan, K.A.; Tanaka, K.; Natsuizaka, M.; Long, A.; Guo, A.; Chang, S.; Kagawa, S.; Srinivasan, S.; Guha, M.; et al.
Mitochondrial SOD2 regulates epithelial-mesenchymal transition and cell populations defined by differential CD44 expression.
Oncogene 2015, 34, 5229–5239. [CrossRef] [PubMed]

44. Chang, C.W.; Chen, Y.S.; Chou, S.H.; Han, C.L.; Chen, Y.J.; Yang, C.C.; Huang, C.Y.; Lo, J.F. Distinct subpopulations of head
and neck cancer cells with different levels of intracellular reactive oxygen species exhibit diverse stemness, proliferation, and
chemosensitivity. Cancer Res. 2014, 74, 6291–6305. [CrossRef] [PubMed]

45. Chien, C.H.; Chuang, J.Y.; Yang, S.T.; Yang, W.B.; Chen, P.Y.; Hsu, T.I.; Huang, C.Y.; Lo, W.L.; Yang, K.Y.; Liu, M.S.; et al.
Enrichment of superoxide dismutase 2 in glioblastoma confers to acquisition of temozolomide resistance that is associated with
tumor-initiating cell subsets. J. Biomed. Sci. 2019, 26, 77. [CrossRef] [PubMed]

46. Zhou, H.M.; Zhang, J.G.; Zhang, X.; Li, Q. Targeting cancer stem cells for reversing therapy resistance: Mechanism, signaling, and
prospective agents. Signal Transduct. Target Ther. 2021, 15, 62. [CrossRef]

47. Rodrik-Outmezguine, V.S.; Chandarlapaty, S.; Pagano, N.C.; Poulikakos, P.I.; Scaltriti, M.; Moskatel, E.; Baselga, J.; Guichard,
S.; Rosen, N. mTOR kinase inhibition causes feedback-dependent biphasic regulation of AKT signaling. Cancer Discov. 2011, 1,
248–259. [CrossRef] [PubMed]

48. Dufour, M.; Dormond-Meuwly, A.; Pythoud, C.; Demartines, N.; Dormond, O. Reactivation of AKT signaling following treatment
of cancer cells with PI3K inhibitors attenuates their antitumor effects. Biochem. Biophys. Res. Commun. 2013, 438, 32–37. [CrossRef]
[PubMed]

49. Sunayama, J.; Sato, A.; Matsuda, K.; Tachibana, K.; Suzuki, K.; Narita, Y.; Shibui, S.; Sakurada, K.; Kayama, T.; Tomiyama, A.;
et al. Dual blocking of mTor and PI3K elicits a prodifferentiation effect on glioblastoma stem-like cells. Neuro. Oncol. 2010, 12,
1205–1219. [CrossRef]

50. Bleau, A.M.; Hambardzumyan, D.; Ozawa, T.; Fomchenko, E.I.; Huse, J.T.; Brennan, C.W.; Holland, E.C. PTEN/PI3K/Akt
pathway regulates the side population phenotype and ABCG2 activity in glioma tumor stem-like cells. Cell Stem Cell 2009, 4,
226–235. [CrossRef]

51. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
52. Nieborowska-Skorska, M.; Flis, S.; Skorski, T. AKT-induced reactive oxygen species generate imatinib-resistant clones emerging

from chronic myeloid leukemia progenitor cells. Leukemia 2014, 28, 2416–2418. [CrossRef] [PubMed]
53. Ushio-Fukai, M.; Alexander, R.W.; Akers, M.; Yin, Q.; Fujio, Y.; Walsh, K.; Griendling, K.K. Reactive oxygen species mediate

the activation of Akt/protein kinase B by angiotensin II in vascular smooth muscle cells. J. Biol. Chem. 1999, 274, 22699–22704.
[CrossRef] [PubMed]

54. Dermit, M.; Casado, P.; Rajeeve, V.; Wilkes, E.H.; Foxler, D.E.; Campbell, H.; Critchlow, S.; Sharp, T.V.; Gribben, J.G.; Unwin,
R.; et al. Oxidative stress downstream of mTORC1 but not AKT causes a proliferative defect in cancer cells resistant to PI3K
inhibition. Oncogene 2017, 36, 2762–2774. [CrossRef] [PubMed]

55. Prasad, A.; Khudaynazar, N.; Tantravahi, R.V.; Gillum, A.M.; Hoffman, B.S. ON 01910.Na (rigosertib) inhibits PI3K/Akt pathway
and activates oxidative stress signals in head and neck cancer cell lines. Oncotarget 2016, 7, 79388–79400. [CrossRef]

56. Tomasetti, M.; Santarelli, L.; Alleva, R.; Dong, L.F.; Neuzil, J. Redox-active and redox-silent compounds: Synergistic therapeutics
in cancer. Curr. Med. Chem. 2015, 22, 552–568. [CrossRef]

57. Sinha, N.; Mukhopadhyay, S.; Das, D.N.; Panda, P.K.; Bhutia, S.K. Relevance of cancer initiating/stem cells in carcinogenesis and
therapy resistance in oral cancer. Oral Oncol. 2013, 49, 854–862. [CrossRef]

58. Koukourakis, M.I.; Giatromanolaki, A.; Tsakmaki, V.; Danielidis, V.; Sivridis, E. Cancer stem cell phenotype relates to radio-
chemotherapy outcome in locally advanced squamous cell head-neck cancer. Br. J. Cancer 2012, 106, 846–853. [CrossRef]

59. Liu, Y.P.; Yang, C.J.; Huang, M.S.; Yeh, C.T.; Wu, A.T.; Lee, Y.C.; Lai, T.C.; Lee, C.H.; Hsiao, Y.W.; Lu, J.; et al. Cisplatin selects for
multidrug-resistant CD133+ cells in lung adenocarcinoma by activating Notch signaling. Cancer Res. 2013, 73, 406–416. [CrossRef]

60. Chen, S.H.; Chang, J.Y. New Insights into Mechanisms of Cisplatin Resistance: From Tumor Cell to Microenvironment. Int. J. Mol.
Sci. 2019, 20, 4136. [CrossRef]

61. Dionne, L.K.; Driver, E.R.; Wang, X.J. Head and Neck Cancer Stem Cells: From Identification to Tumor Immune Network. J. Dent.
Res. 2015, 94, 1524–1531. [CrossRef]

62. Liu, Z.; He, Q.; Ding, X.; Zhao, T.; Zhao, L.; Wang, A. SOD2 is a C-myc target gene that promotes the migration and invasion of
tongue squamous cell carcinoma involving cancer stem-like cells. Int. J. Biochem. Cell Biol. 2015, 60, 139–146. [CrossRef] [PubMed]

63. Liu, Z.; Li, S.; Cai, Y.; Wang, A.; He, Q.; Zheng, C.; Zhao, T.; Ding, X.; Zhou, X. Manganese superoxide dismutase induces
migration and invasion of tongue squamous cell carcinoma via H2O2-dependent Snail signaling. Free Radic. Biol. Med. 2012, 53,
44–50. [CrossRef]

http://doi.org/10.1038/labinvest.3700293
http://www.ncbi.nlm.nih.gov/pubmed/16205657
http://doi.org/10.1016/j.cancergencyto.2004.01.026
http://doi.org/10.1186/1471-2164-9-69
http://doi.org/10.1038/onc.2014.449
http://www.ncbi.nlm.nih.gov/pubmed/25659582
http://doi.org/10.1158/0008-5472.CAN-14-0626
http://www.ncbi.nlm.nih.gov/pubmed/25217518
http://doi.org/10.1186/s12929-019-0565-2
http://www.ncbi.nlm.nih.gov/pubmed/31629402
http://doi.org/10.1038/s41392-020-00430-1
http://doi.org/10.1158/2159-8290.CD-11-0085
http://www.ncbi.nlm.nih.gov/pubmed/22140653
http://doi.org/10.1016/j.bbrc.2013.07.014
http://www.ncbi.nlm.nih.gov/pubmed/23867821
http://doi.org/10.1093/neuonc/noq103
http://doi.org/10.1016/j.stem.2009.01.007
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.1038/leu.2014.249
http://www.ncbi.nlm.nih.gov/pubmed/25151958
http://doi.org/10.1074/jbc.274.32.22699
http://www.ncbi.nlm.nih.gov/pubmed/10428852
http://doi.org/10.1038/onc.2016.435
http://www.ncbi.nlm.nih.gov/pubmed/27991931
http://doi.org/10.18632/oncotarget.12692
http://doi.org/10.2174/0929867321666140915142219
http://doi.org/10.1016/j.oraloncology.2013.06.010
http://doi.org/10.1038/bjc.2012.33
http://doi.org/10.1158/0008-5472.CAN-12-1733
http://doi.org/10.3390/ijms20174136
http://doi.org/10.1177/0022034515599766
http://doi.org/10.1016/j.biocel.2014.12.022
http://www.ncbi.nlm.nih.gov/pubmed/25578561
http://doi.org/10.1016/j.freeradbiomed.2012.04.031


Int. J. Mol. Sci. 2021, 22, 11260 13 of 13

64. Wu, C.P.; Huang, Y.H.; Lusvarghi, S.; Huang, Y.H.; Tseng, P.J.; Hung, T.H.; Yu, J.S.; Ambudkar, S.V. Overexpression of ABCB1
and ABCG2 contributes to reduced efficacy of the PI3K/mTOR inhibitor samotolisib (LY3023414) in cancer cell lines. Biochem.
Pharmacol. 2020, 180, 114137. [CrossRef] [PubMed]

65. Zou, B.; Sun, S.; Qi, X.; Ji, P. Aldehyde dehydrogenase activity is a cancer stem cell marker of tongue squamous cell carcinoma.
Mol. Med. Rep. 2012, 5, 1116–1120. [CrossRef] [PubMed]

66. Krishnamurthy, S.; Nor, J.E. Orosphere assay: A method for propagation of head and neck cancer stem cells. Head Neck 2013, 35,
1015–1021. [CrossRef]

http://doi.org/10.1016/j.bcp.2020.114137
http://www.ncbi.nlm.nih.gov/pubmed/32634436
http://doi.org/10.3892/mmr.2012.781
http://www.ncbi.nlm.nih.gov/pubmed/22307065
http://doi.org/10.1002/hed.23076

	Introduction 
	Results 
	Multi-Drug Resistance Is Induced by Prolonged Incubation of BEZ235 in HNC Cells 
	The Drug Resistant HNC Cells Exhibit Features of Tumor-Initiating Cells 
	Increased SOD2 Is Noted in Drug Resistant HNC Cells 
	Inhibition of SOD2 Results in Reduced Stemness Features 

	Discussion 
	Materials and Methods 
	Culture of the HNC Cell Lines and Derivation of the TMZ-Resistant Cells 
	Western Blot Analysis 
	Quantitative Real-Time Polymerase Chain Reaction (qPCR) 
	Clonogenic Assay and Cell Density Assay 
	Detection of ALDH and ROS Expression by Flow Cytometry 
	Tumor Spheroid Formation Assays 
	Statistical Consideration 

	References

