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Abstract: Globally, there are over half a million new patients with head and neck squamous cell
carcinomas (HNSCC) every year. The current therapeutic approaches to HNSCC are surgery and
adjuvant radiotherapy. These approaches carry a high incidence of metastasis or recurrence from
HNSCC cells’ radioresistance. Recent studies have revealed that a combination with radiosensitiz-
ers can be used to improve the radioresistance in HNSCC; however, few agents are approved as
radiosensitizers. The constitutive activation of phosphatidylinositol-3-kinase (PI3K)/protein kinase B
(AKT)/mammalian target of rapamycin (mTOR) pathway is a vitally oncogenic type of signaling that
promotes tumorigenesis, metastasis, and radiotherapy resistance in HNSCC. Pharmacological target-
ing of PI3K/AKT/mTOR signaling pathway is considered a promising strategy of radiosensitization
in HNSCC. In this review, we summarize the oncogenic significance of PI3K/AKT/mTOR signaling
in HNSCC with radiotherapy resistance and highlight the therapeutic potential of small molecule
inhibitors against PI3K/AKT/mTOR signaling for the radiosensitization in HNSCC treatment. It pro-
vides a mechanistic framework for the development of new drugs for radiosensitization in HNSCC
radiotherapy via targeting PI3K/AKT/mTOR signaling pathway.

Keywords: head and neck cancer; radiotherapy; PI3K/AKT/mTOR; radiosensitization

1. Radiation Therapy in Head and Neck Cancer

Cancer has been the leading cause of death for many years. Head and neck squamous
cell carcinoma (HNSCC) is the fifth most common cancer in men and the fifth leading cause
of cancer death in men, with 650,000 new cases and 350,000 deaths annually globally [1–5].
Smoking; alcohol consumption; infection with human papilloma, particularly serotype
16; and betel quid chewing are all known risk factors for HNSCC. Improvements in the
long-term survival rate of patients with HNSCC have stagnated in recent years. It has
been proposed that reliable prognostic factors could assist in the identification of high-risk
groups by upgrading the TNM staging system [6].

HNSCC is treated locally through surgical resection. If surgery is impossible, one
of the most prominent local cancer treatment methods is radiation therapy. Radiation
therapy is used as an adjunct or palliative treatment for many cancers. Although RT is an
effective treatment for oral cancer, tumor cell resistance to this treatment is a major concern.
Radiosensitizers are drugs that, when integrated with radiotherapy, increase the cell-killing
effect of radiotherapy. However, only a few chemotherapy drugs (such as cisplatin and
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carboplatin) have had this effect so far, and even in recent years, radiosensitizers have
made slow progress [7].

The treatment for HNSCC is usually radiotherapy and/or surgery. The selection and
success of these treatments depend on the resources and knowledge held by the medical
service provider. Surgery removes cancer tissue as well surrounding lymph nodes. This is
usually followed by adjuvant or neoadjuvant radiotherapy, chemotherapy, or combined
radio chemotherapy [8–12]. These follow-up treatments are associated with several severe
side effects, including mucositis, dysphagia, leukopenia, and thrombocytopenia. These
side effects not only increase the likelihood of infection and bleeding but also reduce the
quality of life experienced by the patient [9,13–16].

Previous research showed that induction chemotherapy with cisplatin and 5-FU
before radiotherapy or radio-chemotherapy improves overall survival in patients with
advanced HNSCCs, which not only increases antitumor activity but also reduces the
concentration of treatment administration [9,17,18], although the induction chemotherapy
may compromise further locoregional approaches with an increase in side effects and
decrease in tolerance [19]. Therefore, it is desirable to develop radiosensitizers for the
treatment of patients with radioresistant HNSCC.

2. Significance of PI3K/AKT/mTOR Signaling on Radioresistance

It has been found that the phosphatidylinositol-3-kinase (PI3K)/protein kinase B (AKT)/
mammalian target of rapamycin (mTOR) signaling pathway is overstimulated in cancer
cells that are resistant to chemotherapy, radiation, and hormone therapy [20]. There is some
evidence that irradiation resistance in various cancer cell types can be reduced in vitro and
in in vivo xenograft models of cancer by dual targeting of PI3K and mTOR [21–23]. In both
recurrence and non-recurrence groups from patients with HNSCC who had previously
received definitive surgery and adjuvant radiotherapy, high phosphorylation levels of PI3K,
AKT, mTOR, eukaryotic initiation factor 4E (eIF4E), and eIF4E binding protein 1 (4EBP1)
were observed [24,25]. Studies in HNSCC patients have revealed a similar phenomenon,
indicating that overexpressed proteins in the PI3K/AKT/mTOR signaling pathway, such
as p-mTOR and p-AKT, may be used as good prognostic biomarkers [26].

The PI3K/AKT/mTOR signaling pathway has been linked to radiotherapy resistance,
and the effect of inhibitors of this pathway as cancer radiosensitization is worth investi-
gating [27,28]. The activation of PI3K/AKT/mTOR pathway is the primary mechanism
causing cancer cells to develop radiation resistance. When PI3K is activated, it produces
PI(3,4,5)P3 at the D3 position of the PI(4,5)P2 inositol ring of the plasma membrane, PIP3,
and the signal protein AKT/PDK1 containing pleckstrin homology (PH domain) in the
cell (phosphoinositide-dependent kinase-1) binding, leading to AKT activation. Through
phosphorylation, activated AKT activates downstream mTOR or inhibits Bad, Caspase 9,
and other proteins, regulating cell proliferation, differentiation, apoptosis, and migration
(Figure 1). The PI3K/AKT/mTOR signaling pathway has been thoroughly researched and
has been shown to be important for RT resistance in different cancer types [29–31]. Previous
research has shown radiosensitization in response to dual PI3K/mTOR inhibitor treatment
(in other cancer cell lines, both in vitro and in vivo) [32,33], but an in vitro condition does
not adequately depict clinical scenarios.
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Although radiation therapy is an effective treatment for oral cancer, tumor cell resis-
tance to this treatment remains a major concern. Understanding the molecular mechanisms
involved in tumor sensitivity to irradiation, which leads to radioresistance, and identifying
targets for its therapeutic use are therefore critical for improving radiation therapy and
overcoming radioresistance [29–31]. Merging dual PI3K/mTOR inhibitors and irradiation
treatment has a synergistic anticancer effect on OSCC (oral squamous cell carcinoma);
however, this has only been partially investigated and is mostly unknown.

The PI3K/AKT/mTOR axis is essential for regulating cell growth migration, survival,
and protein synthesis. Particularly, mRNA translation and cell-cycle progression is reg-
ulated by mTOR through the p70S6K (ribosomal protein S6 kinase) and 4EBP1/eIF4E
cascades [26,34]. Furthermore, active mTOR signaling has been associated with the devel-
opment of HNSCCs [9]. The inhibition of S6 phosphorylation via mTORC1 inhibition can
suppress but not wholly prevent 4EBP1/eIF4E cascades [35]. Indeed, this caused feedback
activation of AKT signaling, suggesting that synergistic inhibition of PI3K/AKT and mTOR
activation is a desirable therapeutic strategy to improve radiation therapy in HNSCCs [36].

It has been demonstrated that the S6K1 and 4EBP1/eIF4E signaling pathways are
required for mTOR-mediated cell-cycle progression. Both S6K1 and 4EBP1/eIF4E have
been linked to rapamycin-induced G1 cell-cycle progression [37]. By binding the 5′-cap
structure of the mRNA and boosting the emergence of the translation initiation complex
and ribosome binding, the eIF4E plays an important role in mRNA translation. Human and
experimental cancers have been associated with high levels of eIF4E expression with links
to angiogenesis and tumor growth. These increased levels in turn increase the expression
of oncogenes c-myc and cyclin D1 (both components of cell-cycles) [38]. Previous findings
strongly suggested that eIF4E suppression is also required for complete G1 cell cycle arrest.
The cell-cycle phase distributions were analyzed to further assess the synergistic effects
of these proteins in all tested OSCC cells after irradiation or integrated drug-irradiation
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treatment. Inhibiting the PI3K/AKT/mTOR signaling pathway causes cell cycle arrest
in the G1 phase, according to our findings [36]. Furthermore, expression levels of the G1
phase regulators, cyclin D1 and CDK4, presented significant decreases. There is further
evidence that mTOR inhibition is associated with G1 arrest. While this can be suppressed
by 4EBP1 phosphorylation, mTOR inhibition cannot successfully suppress eIF4E in the
majority of cells [35,36,39,40].

The current study conducted a tissue microarray (TMA) on 54 HNSCC patients who
underwent definitive surgery and adjuvant radiotherapy. Both HNSCC-recurrent and
HNSCC-nonrecurrent patients exhibited highly activated PI3K/AKT/mTOR signaling,
as revealed by a TMA block with IHC staining. Low-expression phospho-eIF4E or high-
expression eIF4E, phospho-4EBP1, phospho-S6K, and phospho-40S ribosomal protein S6 (p-
S6R) was associated with reduced likelihood of survival for recurrent patients. Furthermore,
expressions of eIF4E and p-4EBP1 were significantly correlated with tumor recurrence
or recurrence-free survival. High expressions of eIF4E and p-4EBP1 were significantly
correlated with low levels of recurrence-free survival. Finally, eIF4E and p-4EBP1 expression
should be considered as predictive biomarkers for HNSCC patients [9,37].

3. Targeting of PI3K/AKT/mTOR Signaling for Radiosensitization

In human malignancies, it is common for the PI3K/AKT/mTOR signaling pathway to
be dysregulated [41,42]. This pathway been connected to not only the onset and progres-
sion of malignancies but also the enhancement of cell survival, proliferation, and cellular
metabolism. Currently, drugs that target PI3K or mTOR are undergoing clinical trials.
There is already evidence that these drugs combined with radiation exhibit an improved
anticancer effect. However, complex signaling events are induced by PI3K and mTOR.
These events initiate a diverse range of functions associated with the regulation of cell
survival and therapeutic resistance. It has been found that more PI3K/AKT/mTOR-related
proteins are expressed in radioresistant OSCC cell lines than in parental cell lines [36].
This indicates that the PI3K/AKT/mTOR signaling pathway increases OSCC radiore-
sistance. Radiosensitization can be induced by numerous small molecular drugs that
target individual PI3K, AKT, or mTOR signaling proteins, or dual PI3K and mTOR block-
ade, [35,36,39,43,44]. The current paper focuses on the inhibitory effects of these drugs. Our
results show that a combination of PI3K/AKT/mTOR inhibition and irradiation negatively
affected irradiation-resistant cells, patient-derived OSCC cells, and other OSCC cell lines
(Table 1).

Table 1. Inhibitors of PI3K/AKT/mTOR signaling pathway as radiosensitizers for the treatment
of HNSCC.

Drug Inhibitor Mechanisms Phase Ref.

Everolimus
(RAD001) mTORC1 Everolimus (RAD001) increased the radiosensitivity

in SCC4 cells.
Phase I/II [13,35,45–47]

(Afinitor®, Stein, Switzerland)

Vistusertib
(AZD2014)

mTORC1/m
TORC2 inhibitor

AZD2014 increased the irradiation-repressed cell
viability of

OSCC patient-derived cells and OSCS cell lines.

Phase II
(Vistusertib®, Netherlands)

[39,48–50]

Buparlisib
(BKM120) pan-PI3K inhibitor BKM120 potently exhibited synergistic

radiosensitization in OSCC cells. Phase II [44,51–53]

Alpelisib
(BYL719) PI3Kp110α inhibitor

The combination of BYL719 with irradiation
significantly enhanced

irradiation-induced regression in OSCC cells.
Phase I [44,54–57]

Dactolisib
(BEZ235)

PI3K/mTOR
dual inhibitor

BEZ235 exhibited statistically antitumor activity
with irradiation

against OML1-R xenografts.
Phase I [33,58–60]

Ribociclib
(LEE011) CDK4/6 inhibitor LEE011 enhanced the cytotoxic effects of radiation

therapy in HNSCC cells. Phase II [43,61–63]
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3.1. mTOR Inhibitors

Everolimus (RAD001), an allosterically inhibitor of only mTORC1 but not mTORC2, is clini-
cally used to treat various cancers, although the phase II clinical trial of everolimus in patient with
previously treated recurrent or metastatic HNSCC is terminated [13,35,45–47]. Everolimus in-
duces feedback activation of AKT signaling due to the inability to directly inhibit mTORC2
function, which can reduce their antitumor activity [35]. Dual mTORC1/mTORC2 in-
hibitor, AZD2014, conversely, increased the irradiation-induced inhibition of survival
in both OSCC cell lines and patient-derived cells [36]. Previous research indicated that
RAD001 and AZD2014 significantly increase radiation sensitivity by regulating cell cycle
arrest, suggesting that they could be useful small-molecule drugs for patients with radiore-
sistance [36]. AZD2014 dose-dependently enhanced the irradiation-induced cell death
of OSCC cells [39]. AZD2014 and radiation can work synergistically to inhibit primary
OSCC cell proliferation and induce cell death by inhibiting the AKT/mTOR pathway [64].
Moreover, treatment with AZD2014, combined with PI3K inhibitors BKM120 or BYL719,
synergistically enhanced cell-growth inhibition by 4-Gy irradiation in radioresistant OSCC
cells compared with each inhibitor combined with irradiation [44]. This suggests that
combining mTOR and PI3K inhibiters with radiation inhibited the growth of radioresistant
OSCC cells. The critical role played by the PI3K/mTOR signaling pathway in cellular
mRNA translation and cell cycle progression demands further investigation into the effect
of the triple-combination treatment. Our results confirm those of previous studies in con-
clusively proving that PI3K/mTOR signaling is a critical target for anticancer agents for
radioresistant cells [21,35,39,43,44].

3.2. PI3K Inhibitors

Abnormal cells commonly survive, proliferate, and metabolize through the PI3K/AKT/
mTOR signaling pathway [65]. Consequently, drugs can be used to target PI3K or mTOR to
reduce tumor growth [66]. BKM120, an oral, highly specific pan-Class I PI3K inhibitor, has
strong antiproliferative and synergistic characteristics in terms of radiosensitization in tu-
mor cell lines [67,68], but it fails to improve cell killing after irradiation exposure [44]. Com-
bining dual PI3K/AKT/mTOR inhibitors with irradiation, however, significantly increased
irradiation-induced regression of OSCC cells. Indeed, the success of this combination
treatment is on par with that of cisplatin with irradiation treatment. In addition, the PI3K
inhibitor BKM120/BYL179 combined with radiation not only impacted the AKT/mTOR
pathway, but also greatly reduced SCC4 and SCC25 cell survival. In sum, dual PI3K/mTOR
inhibition is a promising avenue for future radiation research [36].

3.3. PI3K/mTOR Dual Inhibitors

PI3K/mTOR dual inhibitor, BEZ235, inhibited eIF4E and S6K phosphorylation and
showed statistically significant antitumor activity and synergy with irradiation against
OML1-R xenografts. During the study period, no significant weight loss or illness was
noted, indicating that this therapy may have a promising safety profile. Furthermore,
in vivo treatment with BEZ235 and irradiation is a safe and effective treatment that pro-
vided a greater therapeutic gain than radiation therapy alone [36].

Although eIF4E was de-repressed in BEZ235-treated OSCC cells, inhibiting the cyclin
D1/CDK4 complex activity led to G1 cell cycle progression. These findings show that
combining a dual PI3K/mTOR inhibitor with irradiation has a synergistic effect on repress-
ing both S6K and 4EBP1/eIF4E signaling pathways and inducing G1 arrest by inhibiting
cyclinD1 and CDK4 activities, resulting in increased sensitivity to irradiation [36]. These
findings suggest that eIF4E is a logical therapeutic target for increasing tumor cell radiosen-
sitivity and overcoming cancer radioresistance, implying that eIF4E-targeting strategies for
oral cancer treatment may have clinical utility.

γ-H2AX formation has previously been linked to the induction of double-strand
breaks after exposure to irradiation or other DNA-damaging agents [69] and has also been
linked to radiosensitization after mTOR inhibition [70]. However, there were no significant
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differences in the phosphorylation of γ-H2AX across BEZ235 treatments. Additionally,
treatment with BEZ235 in combination with irradiation resulted in a slight increase in
autophagy but had no effect on apoptosis in OSCC cells for any of the treatments [36].
It has been shown that autophagy exhibits a controversially cytoprotective or cytotoxic
role in cancer radiation treatment [71], suggesting that dual inhibition of PI3K/mTOR
may preferably promote radiosensitivity via an sautophagy-mediated pathway. Therefore,
targeting of the PI3K/AKT/mTOR signaling pathway is a potential therapeutic strategy
for irradiating OSCC, including patient-derived cells, OSCC radioresistant cell lines, and
xenografts.

3.4. Inhibitors in Radiation-Resistant HNSCC Cells

We confirmed the radioresistant phenotype of the OML1-R cell line through the
measurement of the plating efficiency of parental OML1 and radioresistant OML1-R subline
cells. These were cultured following the exposure to high-dose fractionated irradiation
(10 Gy). We assessed their survival using clonogenic survival assay. In comparison to
parental cells, OML1-R cells showed substantially higher levels of clonal survival after
irradiation [36].

To better understand the radioresistance of oral cancer cells and the role of the
PI3K/AKT/mTOR signaling pathway in radiosensitization, inhibitors of the PI3K/AKT/
mTOR pathway, such as BEZ235(Dactolisib), RAD001, and BKM120 (Buparlisib) [64], were
used in radioresistant patient-derived OML-1R cells. The colony formation assay was
used to assess the radiation sensitivity of PI3K/mTOR dual target inhibitor BEZ235 and
mTORC1 inhibitor RAD001 in OML-1 and OML1-R cells exposed to 4Gy radiation [35].
The results revealed that when compared to the two cell lines exposed to 4Gy radiation
alone or in combination with 4Gy radiation combined with RAD001 or BEZ235, the com-
bined treatment of the two drugs and radiation could increase the radiation sensitivity
of the two cell lines, with BEZ235 performing better. Therefore, BEZ235 is considered a
better radiosensitizer than RAD001. BEZ235+4Gy radiation was also found to significantly
inhibit the growth of OML-1 cell colonies when compared to 4Gy radiation alone (control
group) and RAD001+4Gy radiation (RAD001 combined with 4Gy radiation). In OML-1R
cells, RAD001+4Gy radiation inhibits cell growth only slightly more than 4Gy radiation
alone; however, BEZ235+4Gy radiation inhibits OML-1R growth more effectively than
RAD001+4Gy radiation. Furthermore, BEZ235+4Gy radiation can more effectively inhibit
OML-1 growth. Because the radiation suppression effect is similar to that of OML-1 cells,
BEZ235 could reverse radiation resistance [36]. Therefore, BEZ235 inhibits cell growth by
reversing the radiation resistance effect of OML-1R cells, which may be regulated by PI3K
molecules. G2/M checkpoint performance of OML-1R cells was significantly altered by
BEZ235 combined with radiation treatment, primarily through phosphorylation of Chk2,
to inhibit Cdc2 and cyclinB1 performance; however, neither RAD001 treatment nor OML-1
cells affected its alterations. Therefore, the BEZ235-regulated radiation-resistant strain may
prompt Chk2 via PI3K molecules, affecting the G2/M cell cycle, which could be related to
its mechanism of increasing radiation sensitivity and reversing radiation resistance [22,33].

Previously, we used a cell-cycle inhibitor (CDK4/6 inhibitor LEE011) to confirm the
radiosensitization potential. LEE011 inhibited retinoblastoma protein phosphorylation,
causing cell-cycle arrest in SCC4/SCC25 cells during the G1/M phase. LEE011 improved
radiation effects in OML1 cells while overcoming radiation resistance in OML1R cells [43],
suggesting that targeting of cell cycle serves as a radiosensitizer with the potential to
enhance cytotoxicity.

4. Conclusions

In summary, the activation of the PI3K/AKT/mTOR signal pathway has been linked
to radiotherapy resistance, and the effect of inhibitors of this pathway as a type of cancer ra-
diosensitization is worth investigating (Figure 2). Inhibitors of PI3K/AKT/mTOR pathway
not only increases the radiosensitivity of HNSCC cells but also reverses the radiation-
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sensitive effect of radiation-resistant cancer cells. In addition, cell cycle arrest increases
cancer cell sensitivity to radiation. It is worth mentioning that the PI3K/mTOR dual-target
inhibitor BEZ235 has a relatively good effect on radiation sensitization and reversal of
radiation resistance, but it is also extremely toxic to normal cells and tissues, limiting its
clinical application. Therefore, cancer treatment seeks an anticancer drug that is non-toxic
to the human body and has no side effects. Radiation therapy is susceptible to resistance,
and activation of the PI3K/AKT/mTOR pathway increases radiation resistance in HNSCC.
It has become a hot topic, so inhibitors of this pathway cause radiation sensitization have
been used for the development of new anticancer drugs.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 7 of 11 
 

 

4. Conclusions 
In summary, the activation of the PI3K/AKT/mTOR signal pathway has been linked 

to radiotherapy resistance, and the effect of inhibitors of this pathway as a type of cancer 
radiosensitization is worth investigating (Figure 2). Inhibitors of PI3K/AKT/mTOR path-
way not only increases the radiosensitivity of HNSCC cells but also reverses the radiation-
sensitive effect of radiation-resistant cancer cells. In addition, cell cycle arrest increases 
cancer cell sensitivity to radiation. It is worth mentioning that the PI3K/mTOR dual-target 
inhibitor BEZ235 has a relatively good effect on radiation sensitization and reversal of 
radiation resistance, but it is also extremely toxic to normal cells and tissues, limiting its 
clinical application. Therefore, cancer treatment seeks an anticancer drug that is non-toxic 
to the human body and has no side effects. Radiation therapy is susceptible to resistance, 
and activation of the PI3K/AKT/mTOR pathway increases radiation resistance in HNSCC. 
It has become a hot topic, so inhibitors of this pathway cause radiation sensitization have 
been used for the development of new anticancer drugs.  

 
Figure 2. Schematic model of radiosensitizers via targeting PI3K/AKT/mTOR signaling in HNSCC. 

Funding: This study was supported by Ministry of Science and Technology, Taiwan (MOST- 09-2320-B-650 -
001 -MY3), E-Da Hospital (EDPJ110053, EDPJ110047, EDPJ110080, EDAHS111012). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable.  

Conflicts of Interest: The authors have declared that no competing interests exist. 

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. 
2. Ferlay, J.; Shin, H.R.; Bray, F.; Forman, D.; Mathers, C.; Parkin, D.M. Estimates of worldwide burden of cancer in 2008: 

GLOBOCAN 2008. Int. J. Cancer 2010, 127, 2893–2917. 

Figure 2. Schematic model of radiosensitizers via targeting PI3K/AKT/mTOR signaling in HNSCC.

Funding: This study was supported by Ministry of Science and Technology, Taiwan (MOST- 09-2320-
B-650 -001 -MY3), E-Da Hospital (EDPJ110053, EDPJ110047, EDPJ110080, EDAHS111012).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors have declared that no competing interests exist.

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. Ferlay, J.; Shin, H.R.; Bray, F.; Forman, D.; Mathers, C.; Parkin, D.M. Estimates of worldwide burden of cancer in 2008: GLOBOCAN

2008. Int. J. Cancer 2010, 127, 2893–2917. [CrossRef] [PubMed]
3. Cochicho, D.; Esteves, S.; Rito, M.; Silva, F.; Martins, L.; Montalvão, P.; Cunha, M.; Magalhães, M.; Gil da Costa, R.M.; Felix, A.

PIK3CA Gene Mutations in HNSCC: Systematic Review and Correlations with HPV Status and Patient Survival. Cancers 2022,
14, 1286. [CrossRef] [PubMed]

4. Kondoh, N.; Mizuno-Kamiya, M. The Role of Immune Modulatory Cytokines in the Tumor Microenvironments of Head and
Neck Squamous Cell Carcinomas. Cancers 2022, 14, 2884. [CrossRef]

http://doi.org/10.3322/caac.20107
http://www.ncbi.nlm.nih.gov/pubmed/21296855
http://doi.org/10.1002/ijc.25516
http://www.ncbi.nlm.nih.gov/pubmed/21351269
http://doi.org/10.3390/cancers14051286
http://www.ncbi.nlm.nih.gov/pubmed/35267596
http://doi.org/10.3390/cancers14122884


Int. J. Mol. Sci. 2022, 23, 15749 8 of 10

5. Graessle, R.; Stromberger, C.; Heiland, M.; Doll, C.; Hofmann, V.M.; Klinghammer, K.; Tinhofer, I.; Olze, H.; Beck, M.; Arens, P.;
et al. Predictors for Adherence to Treatment Strategies in Elderly HNSCC Patients. Cancers 2022, 14, 423. [CrossRef]

6. Lee, C.C.; Ho, H.C.; Su, Y.C.; Lee, M.S.; Hung, S.K.; Lin, C.H. MCP1-Induced Epithelial-Mesenchymal Transition in Head and
Neck Cancer by AKT Activation. Anticancer Res. 2015, 35, 3299–3306.

7. Blatt, S.; Voelxen, N.; Sagheb, K.; Pabst, A.M.; Walenta, S.; Schroeder, T.; Mueller-Klieser, W.; Ziebart, T. Lactate as a predictive
marker for tumor recurrence in patients with head and neck squamous cell carcinoma (HNSCC) post radiation: A prospective
study over 15 years. Clin. Oral Investig. 2016, 20, 2097–2104. [CrossRef]

8. Kao, J.; Lavaf, A.; Teng, M.S.; Huang, D.; Genden, E.M. Adjuvant radiotherapy and survival for patients with node-positive head
and neck cancer: An analysis by primary site and nodal stage. Int. J. Radiat. Oncol. Biol. Phys. 2008, 71, 362–370. [CrossRef]

9. Huang, C.I.; Wang, C.C.; Tai, T.S.; Hwang, T.Z.; Yang, C.C.; Hsu, C.M.; Su, Y.C. eIF4E and 4EBP1 are prognostic markers of head
and neck squamous cell carcinoma recurrence after definitive surgery and adjuvant radiotherapy. PLoS ONE 2019, 14, e0225537.
[CrossRef]

10. Wegge, M.; Dok, R.; Nuyts, S. Hypoxia and Its Influence on Radiotherapy Response of HPV-Positive and HPV-Negative Head
and Neck Cancer. Cancers 2021, 13, 5959. [CrossRef]

11. Fasano, M.; D’Onofrio, I.; Belfiore, M.P.; Angrisani, A.; Caliendo, V.; Della Corte, C.M.; Pirozzi, M.; Facchini, S.; Caterino, M.;
Guida, C.; et al. Head and Neck Squamous Cell Carcinoma in Elderly Patients: Role of Radiotherapy and Chemotherapy. Cancers
2022, 14, 472. [CrossRef] [PubMed]

12. Martens, R.M.; Koopman, T.; Lavini, C.; Brug, T.V.; Zwezerijnen, G.J.C.; Marcus, J.T.; Vergeer, M.R.; Leemans, C.R.; Bree, R.;
Graaf, P.; et al. Early Response Prediction of Multiparametric Functional MRI and (18)F-FDG-PET in Patients with Head and
Neck Squamous Cell Carcinoma Treated with (Chemo)Radiation. Cancers 2022, 14, 216. [CrossRef] [PubMed]

13. Geiger, J.L.; Bauman, J.E.; Gibson, M.K.; Gooding, W.E.; Varadarajan, P.; Kotsakis, A.; Martin, D.; Gutkind, J.S.; Hedberg, M.L.;
Grandis, J.R.; et al. Phase II trial of everolimus in patients with previously treated recurrent or metastatic head and neck squamous
cell carcinoma. Head Neck 2016, 38, 1759–1764. [CrossRef] [PubMed]

14. Kałafut, J.; Czerwonka, A.; Anameriç, A.; Przybyszewska-Podstawka, A.; Misiorek, J.O.; Rivero-Müller, A.; Nees, M. Shooting
at Moving and Hidden Targets-Tumour Cell Plasticity and the Notch Signalling Pathway in Head and Neck Squamous Cell
Carcinomas. Cancers 2021, 13, 6219. [CrossRef] [PubMed]

15. Puntigam, L.K.; Jeske, S.S.; Götz, M.; Greiner, J.; Laban, S.; Theodoraki, M.N.; Doescher, J.; Weissinger, S.E.; Brunner, C.; Hoffmann,
T.K.; et al. Immune Checkpoint Expression on Immune Cells of HNSCC Patients and Modulation by Chemo- and Immunotherapy.
Int. J. Mol. Sci. 2020, 21, 5181. [CrossRef]

16. Patil, S.; Linge, A.; Hiepe, H.; Grosser, M.; Lohaus, F.; Gudziol, V.; Kemper, M.; Nowak, A.; Haim, D.; Tinhofer, I.; et al. A Novel
2-Metagene Signature to Identify High-Risk HNSCC Patients amongst Those Who Are Clinically at Intermediate Risk and Are
Treated with PORT. Cancers 2022, 14, 3031. [CrossRef]

17. Yang, W.C.; Chen, C.H.; Tang, J.Y.; Wu, C.F.; Liu, Y.C.; Sun, Y.; Lin, S.F. Induction chemotherapy with docetaxel, cisplatin and
fluorouracil followed by surgery and concurrent chemoradiotherapy improves outcome of recurrent advanced head and neck
squamous cell carcinoma. Anticancer Res. 2014, 34, 3765–3773.

18. Yu, C.C.; Chen, C.A.; Fu, S.L.; Lin, H.Y.; Lee, M.S.; Chiou, W.Y.; Su, Y.C.; Hung, S.K. Andrographolide enhances the anti-metastatic
effect of radiation in Ras-transformed cells via suppression of ERK-mediated MMP-2 activity. PLoS ONE 2018, 13, e0205666.
[CrossRef]

19. Azad, A.; Kong, A. The Therapeutic Potential of Imidazole or Quinone-Based Compounds as Radiosensitisers in Combination
with Radiotherapy for the Treatment of Head and Neck Squamous Cell Carcinoma. Cancers 2022, 14, 4694. [CrossRef]

20. Lawrence, T.S.; Blackstock, A.W.; McGinn, C. The mechanism of action of radiosensitization of conventional chemotherapeutic
agents. Semin. Radiat. Oncol. 2003, 13, 13–21. [CrossRef]

21. Kim, K.W.; Myers, C.J.; Jung, D.K.; Lu, B. NVP-BEZ-235 enhances radiosensitization via blockade of the PI3K/mTOR pathway in
cisplatin-resistant non-small cell lung carcinoma. Genes Cancer 2014, 5, 293–302. [CrossRef] [PubMed]

22. Chang, L.; Graham, P.H.; Hao, J.; Ni, J.; Bucci, J.; Cozzi, P.J.; Kearsley, J.H.; Li, Y. Acquisition of epithelial-mesenchymal transition
and cancer stem cell phenotypes is associated with activation of the PI3K/Akt/mTOR pathway in prostate cancer radioresistance.
Cell Death Dis. 2013, 4, e875. [CrossRef] [PubMed]

23. Chang, L.; Graham, P.H.; Hao, J.; Bucci, J.; Cozzi, P.J.; Kearsley, J.H.; Li, Y. Emerging roles of radioresistance in prostate cancer
metastasis and radiation therapy. Cancer Metastasis Rev. 2014, 33, 469–496. [CrossRef] [PubMed]

24. Glorieux, M.; Dok, R.; Nuyts, S. The influence of PI3K inhibition on the radiotherapy response of head and neck cancer cells. Sci.
Rep. 2020, 10, 16208. [CrossRef] [PubMed]

25. Harsha, C.; Banik, K.; Ang, H.L.; Girisa, S.; Vikkurthi, R.; Parama, D.; Rana, V.; Shabnam, B.; Khatoon, E.; Kumar, A.P.; et al.
Targeting AKT/mTOR in Oral Cancer: Mechanisms and Advances in Clinical Trials. Int. J. Mol. Sci. 2020, 21, 3285. [CrossRef]
[PubMed]

26. Clark, C.; Shah, S.; Herman-Ferdinandez, L.; Ekshyyan, O.; Abreo, F.; Rong, X.; McLarty, J.; Lurie, A.; Milligan, E.J.; Nathan, C.O.
Teasing out the best molecular marker in the AKT/mTOR pathway in head and neck squamous cell cancer patients. Laryngoscope
2010, 120, 1159–1165. [CrossRef]

http://doi.org/10.3390/cancers14020423
http://doi.org/10.1007/s00784-015-1699-6
http://doi.org/10.1016/j.ijrobp.2007.09.058
http://doi.org/10.1371/journal.pone.0225537
http://doi.org/10.3390/cancers13235959
http://doi.org/10.3390/cancers14030472
http://www.ncbi.nlm.nih.gov/pubmed/35158740
http://doi.org/10.3390/cancers14010216
http://www.ncbi.nlm.nih.gov/pubmed/35008380
http://doi.org/10.1002/hed.24501
http://www.ncbi.nlm.nih.gov/pubmed/27232378
http://doi.org/10.3390/cancers13246219
http://www.ncbi.nlm.nih.gov/pubmed/34944837
http://doi.org/10.3390/ijms21155181
http://doi.org/10.3390/cancers14123031
http://doi.org/10.1371/journal.pone.0205666
http://doi.org/10.3390/cancers14194694
http://doi.org/10.1053/srao.2003.50002
http://doi.org/10.18632/genesandcancer.27
http://www.ncbi.nlm.nih.gov/pubmed/25221647
http://doi.org/10.1038/cddis.2013.407
http://www.ncbi.nlm.nih.gov/pubmed/24157869
http://doi.org/10.1007/s10555-014-9493-5
http://www.ncbi.nlm.nih.gov/pubmed/24445654
http://doi.org/10.1038/s41598-020-73249-z
http://www.ncbi.nlm.nih.gov/pubmed/33004905
http://doi.org/10.3390/ijms21093285
http://www.ncbi.nlm.nih.gov/pubmed/32384682
http://doi.org/10.1002/lary.20917


Int. J. Mol. Sci. 2022, 23, 15749 9 of 10

27. Gupta, A.K.; McKenna, W.G.; Weber, C.N.; Feldman, M.D.; Goldsmith, J.D.; Mick, R.; Machtay, M.; Rosenthal, D.I.; Bakanauskas,
V.J.; Cerniglia, G.J.; et al. Local recurrence in head and neck cancer: Relationship to radiation resistance and signal transduction.
Clin. Cancer Res. 2002, 8, 885–892.

28. Vanhaesebroeck, B.; Guillermet-Guibert, J.; Graupera, M.; Bilanges, B. The emerging mechanisms of isoform-specific PI3K
signalling. Nat. Rev. Mol. Cell Biol. 2010, 11, 329–341. [CrossRef]

29. Chang, L.; Graham, P.H.; Ni, J.; Hao, J.; Bucci, J.; Cozzi, P.J.; Li, Y. Targeting PI3K/Akt/mTOR signaling pathway in the treatment
of prostate cancer radioresistance. Crit. Rev. Oncol. Hematol. 2015, 96, 507–517. [CrossRef]

30. Heavey, S.; O’Byrne, K.J.; Gately, K. Strategies for co-targeting the PI3K/AKT/mTOR pathway in NSCLC. Cancer Treat. Rev. 2014,
40, 445–456. [CrossRef]

31. Horn, D.; Hess, J.; Freier, K.; Hoffmann, J.; Freudlsperger, C. Targeting EGFR-PI3K-AKT-mTOR signaling enhances radiosensitivity
in head and neck squamous cell carcinoma. Expert Opin. Ther. Targets 2015, 19, 795–805. [CrossRef] [PubMed]

32. Konstantinidou, G.; Bey, E.A.; Rabellino, A.; Schuster, K.; Maira, M.S.; Gazdar, A.F.; Amici, A.; Boothman, D.A.; Scaglioni,
P.P. Dual phosphoinositide 3-kinase/mammalian target of rapamycin blockade is an effective radiosensitizing strategy for the
treatment of non-small cell lung cancer harboring K-RAS mutations. Cancer Res. 2009, 69, 7644–7652. [CrossRef] [PubMed]

33. Chang, L.; Graham, P.H.; Hao, J.; Ni, J.; Bucci, J.; Cozzi, P.J.; Kearsley, J.H.; Li, Y. PI3K/Akt/mTOR pathway inhibitors enhance
radiosensitivity in radioresistant prostate cancer cells through inducing apoptosis, reducing autophagy, suppressing NHEJ and
HR repair pathways. Cell Death Dis. 2014, 5, e1437. [CrossRef] [PubMed]

34. Liao, Y.M.; Kim, C.; Yen, Y. Mammalian target of rapamycin and head and neck squamous cell carcinoma. Head Neck Oncol. 2011,
3, 22. [CrossRef] [PubMed]

35. Yu, C.C.; Hung, S.K.; Liao, H.F.; Lee, C.C.; Lin, H.Y.; Lai, H.C.; Li, S.C.; Ho, H.C.; Huang, H.B.; Su, Y.C. RAD001 enhances the
radiosensitivity of SCC4 oral cancer cells by inducing cell cycle arrest at the G2/M checkpoint. Anticancer Res. 2014, 34, 2927–2935.

36. Yu, C.C.; Hung, S.K.; Lin, H.Y.; Chiou, W.Y.; Lee, M.S.; Liao, H.F.; Huang, H.B.; Ho, H.C.; Su, Y.C. Targeting the PI3K/AKT/mTOR
signaling pathway as an effectively radiosensitizing strategy for treating human oral squamous cell carcinoma in vitro and
in vivo. Oncotarget 2017, 8, 68641–68653. [CrossRef]

37. Fingar, D.C.; Richardson, C.J.; Tee, A.R.; Cheatham, L.; Tsou, C.; Blenis, J. mTOR controls cell cycle progression through its cell
growth effectors S6K1 and 4E-BP1/eukaryotic translation initiation factor 4E. Mol. Cell. Biol. 2004, 24, 200–216. [CrossRef]

38. Siddiqui, N.; Sonenberg, N. Signalling to eIF4E in cancer. Biochem. Soc. Trans. 2015, 43, 763–772. [CrossRef]
39. Yu, C.C.; Huang, H.B.; Hung, S.K.; Liao, H.F.; Lee, C.C.; Lin, H.Y.; Li, S.C.; Ho, H.C.; Hung, C.L.; Su, Y.C. AZD2014 Radiosensitizes

Oral Squamous Cell Carcinoma by Inhibiting AKT/mTOR Axis and Inducing G1/G2/M Cell Cycle Arrest. PLoS ONE 2016,
11, e0151942. [CrossRef]

40. Averous, J.; Fonseca, B.D.; Proud, C.G. Regulation of cyclin D1 expression by mTORC1 signaling requires eukaryotic initiation
factor 4E-binding protein 1. Oncogene 2008, 27, 1106–1113. [CrossRef]

41. Wanigasooriya, K.; Tyler, R.; Barros-Silva, J.D.; Sinha, Y.; Ismail, T.; Beggs, A.D. Radiosensitising Cancer Using Phosphatidylinositol-
3-Kinase (PI3K), Protein Kinase B (AKT) or Mammalian Target of Rapamycin (mTOR) Inhibitors. Cancers 2020, 12, 1278. [CrossRef]
[PubMed]

42. Pene, F.; Claessens, Y.E.; Muller, O.; Viguié, F.; Mayeux, P.; Dreyfus, F.; Lacombe, C.; Bouscary, D. Role of the phosphatidylinositol
3-kinase/Akt and mTOR/P70S6-kinase pathways in the proliferation and apoptosis in multiple myeloma. Oncogene 2002, 21,
6587–6597. [CrossRef] [PubMed]

43. Tai, T.S.; Lin, P.M.; Wu, C.F.; Hung, S.K.; Huang, C.I.; Wang, C.C.; Su, Y.C. CDK4/6 Inhibitor LEE011 Is a Potential Radiation-
sensitizer in Head and Neck Squamous Cell Carcinoma: An In Vitro Study. Anticancer Res. 2019, 39, 713–720. [CrossRef]
[PubMed]

44. Chuang, F.C.; Wang, C.C.; Chen, J.H.; Hwang, T.Z.; Yeh, S.A.; Su, Y.C. PI3k inhibitors (BKM120 and BYL719) as radiosensitizers
for head and neck squamous cell carcinoma during radiotherapy. PLoS ONE 2021, 16, e0245715. [CrossRef]

45. Kirchner, G.I.; Meier-Wiedenbach, I.; Manns, M.P. Clinical pharmacokinetics of everolimus. Clin. Pharmacokinet. 2004, 43, 83–95.
[CrossRef]

46. Evrard, D.; Dumont, C.; Gatineau, M.; Delord, J.P.; Fayette, J.; Dreyer, C.; Tijeras-Raballand, A.; de Gramont, A.; Delattre, J.F.;
Granier, M.; et al. Targeting the Tumor Microenvironment through mTOR Inhibition and Chemotherapy as Induction Therapy for
Locally Advanced Head and Neck Squamous Cell Carcinoma: The CAPRA Study. Cancers 2022, 14, 4509. [CrossRef]

47. Goel, B.; Tiwari, A.K.; Pandey, R.K.; Singh, A.P.; Kumar, S.; Sinha, A.; Jain, S.K.; Khattri, A. Therapeutic approaches for the
treatment of head and neck squamous cell carcinoma-An update on clinical trials. Transl. Oncol. 2022, 21, 101426. [CrossRef]

48. Janku, F.; Yap, T.A.; Meric-Bernstam, F. Targeting the PI3K pathway in cancer: Are we making headway? Nat. Rev. Clin. Oncol.
2018, 15, 273–291. [CrossRef]

49. Kastner, C.; Hendricks, A.; Deinlein, H.; Hankir, M.; Germer, C.T.; Schmidt, S.; Wiegering, A. Organoid Models for Cancer
Research-From Bed to Bench Side and Back. Cancers 2021, 13, 4812. [CrossRef]

50. Tian, T.; Li, X.; Zhang, J. mTOR Signaling in Cancer and mTOR Inhibitors in Solid Tumor Targeting Therapy. Int. J. Mol. Sci. 2019,
20, 755. [CrossRef]

51. Xing, J.; Yang, J.; Gu, Y.; Yi, J. Research update on the anticancer effects of buparlisib. Oncol. Lett. 2021, 21, 266. [CrossRef]

http://doi.org/10.1038/nrm2882
http://doi.org/10.1016/j.critrevonc.2015.07.005
http://doi.org/10.1016/j.ctrv.2013.08.006
http://doi.org/10.1517/14728222.2015.1012157
http://www.ncbi.nlm.nih.gov/pubmed/25652792
http://doi.org/10.1158/0008-5472.CAN-09-0823
http://www.ncbi.nlm.nih.gov/pubmed/19789349
http://doi.org/10.1038/cddis.2014.415
http://www.ncbi.nlm.nih.gov/pubmed/25275598
http://doi.org/10.1186/1758-3284-3-22
http://www.ncbi.nlm.nih.gov/pubmed/21513566
http://doi.org/10.18632/oncotarget.19817
http://doi.org/10.1128/MCB.24.1.200-216.2004
http://doi.org/10.1042/BST20150126
http://doi.org/10.1371/journal.pone.0151942
http://doi.org/10.1038/sj.onc.1210715
http://doi.org/10.3390/cancers12051278
http://www.ncbi.nlm.nih.gov/pubmed/32443649
http://doi.org/10.1038/sj.onc.1205923
http://www.ncbi.nlm.nih.gov/pubmed/12242656
http://doi.org/10.21873/anticanres.13167
http://www.ncbi.nlm.nih.gov/pubmed/30711949
http://doi.org/10.1371/journal.pone.0245715
http://doi.org/10.2165/00003088-200443020-00002
http://doi.org/10.3390/cancers14184509
http://doi.org/10.1016/j.tranon.2022.101426
http://doi.org/10.1038/nrclinonc.2018.28
http://doi.org/10.3390/cancers13194812
http://doi.org/10.3390/ijms20030755
http://doi.org/10.3892/ol.2021.12527


Int. J. Mol. Sci. 2022, 23, 15749 10 of 10

52. Kim, H.R.; Kang, H.N.; Yun, M.R.; Ju, K.Y.; Choi, J.W.; Jung, D.M.; Pyo, K.H.; Hong, M.H.; Ahn, M.J.; Sun, J.M.; et al. Mouse-human
co-clinical trials demonstrate superior anti-tumour effects of buparlisib (BKM120) and cetuximab combination in squamous cell
carcinoma of head and neck. Br. J. Cancer 2020, 123, 1720–1729. [CrossRef] [PubMed]

53. Fasano, M.; Perri, F.; Della Corte, C.M.; Di Liello, R.; Della Vittoria Scarpati, G.; Cascella, M.; Ottaiano, A.; Ciardiello, F.; Solla,
R. Translational Insights and New Therapeutic Perspectives in Head and Neck Tumors. Biomedicines 2021, 9, 1045. [CrossRef]
[PubMed]

54. Day, D.; Prawira, A.; Spreafico, A.; Waldron, J.; Karithanam, R.; Giuliani, M.; Weinreb, I.; Kim, J.; Cho, J.; Hope, A.; et al. Phase I
trial of alpelisib in combination with concurrent cisplatin-based chemoradiotherapy in patients with locoregionally advanced
squamous cell carcinoma of the head and neck. Oral Oncol. 2020, 108, 104753. [CrossRef] [PubMed]

55. 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]

56. Ghosh, S.; Shah, P.A.; Johnson, F.M. Novel Systemic Treatment Modalities Including Immunotherapy and Molecular Targeted
Therapy for Recurrent and Metastatic Head and Neck Squamous Cell Carcinoma. Int. J. Mol. Sci. 2022, 23, 7889. [CrossRef]

57. Mishra, R.; Patel, H.; Alanazi, S.; Kilroy, M.K.; Garrett, J.T. PI3K Inhibitors in Cancer: Clinical Implications and Adverse Effects.
Int. J. Mol. Sci. 2021, 22, 3464. [CrossRef]

58. Tuomainen, K.; Al-Samadi, A.; Potdar, S.; Turunen, L.; Turunen, M.; Karhemo, P.R.; Bergman, P.; Risteli, M.; Åström, P.;
Tiikkaja, R.; et al. Human Tumor-Derived Matrix Improves the Predictability of Head and Neck Cancer Drug Testing. Cancers
2019, 12, 92. [CrossRef]

59. Näsman, A.; Holzhauser, S.; Kostopoulou, O.N.; Zupancic, M.; Ährlund-Richter, A.; Du, J.; Dalianis, T. Prognostic Markers and
Driver Genes and Options for Targeted Therapy in Human-Papillomavirus-Positive Tonsillar and Base-of-Tongue Squamous Cell
Carcinoma. Viruses 2021, 13, 910. [CrossRef]

60. Segrelles, C.; Contreras, D.; Navarro, E.M.; Gutiérrez-Muñoz, C.; García-Escudero, R.; Paramio, J.M.; Lorz, C. Bosutinib Inhibits
EGFR Activation in Head and Neck Cancer. Int. J. Mol. Sci. 2018, 19, 1824. [CrossRef]

61. van Caloen, G.; Schmitz, S.; van Marcke, C.; Caignet, X.; Mendola, A.; Pyr Dit Ruys, S.; Roger, P.P.; Vertommen, D.; Machiels, J.P.
Preclinical Evaluation of the Association of the Cyclin-Dependent Kinase 4/6 Inhibitor, Ribociclib, and Cetuximab in Squamous
Cell Carcinoma of the Head and Neck. Cancers 2021, 13, 1251. [CrossRef] [PubMed]

62. Kiss, R.C.; Xia, F.; Acklin, S. Targeting DNA Damage Response and Repair to Enhance Therapeutic Index in Cisplatin-Based
Cancer Treatment. Int. J. Mol. Sci. 2021, 22, 8199. [CrossRef] [PubMed]

63. Nardone, V.; Barbarino, M.; Angrisani, A.; Correale, P.; Pastina, P.; Cappabianca, S.; Reginelli, A.; Mutti, L.; Miracco, C.;
Giannicola, R.; et al. CDK4, CDK6/cyclin-D1 Complex Inhibition and Radiotherapy for Cancer Control: A Role for Autophagy.
Int. J. Mol. Sci. 2021, 22, 8391. [CrossRef]

64. Engelman, J.A. Targeting PI3K signalling in cancer: Opportunities, challenges and limitations. Nat. Rev. Cancer 2009, 9, 550–562.
[CrossRef]

65. Martini, M.; Ciraolo, E.; Gulluni, F.; Hirsch, E. Targeting PI3K in Cancer: Any Good News? Front. Oncol. 2013, 3, 108. [CrossRef]
66. Pinkhien, T.; Petpiroon, N.; Sritularak, B.; Chanvorachote, P. Batatasin III Inhibits Migration of Human Lung Cancer Cells by

Suppressing Epithelial to Mesenchymal Transition and FAK-AKT Signals. Anticancer Res. 2017, 37, 6281–6289. [CrossRef]
67. Liu, W.L.; Gao, M.; Tzen, K.Y.; Tsai, C.L.; Hsu, F.M.; Cheng, A.L.; Cheng, J.C. Targeting Phosphatidylinositide3-Kinase/Akt

pathway by BKM120 for radiosensitization in hepatocellular carcinoma. Oncotarget 2014, 5, 3662–3672. [CrossRef]
68. Kim, S.; Dodd, R.D.; Mito, J.K.; Ma, Y.; Kim, Y.; Riedel, R.F.; Kirsch, D.G. Efficacy of phosphatidylinositol-3 kinase inhibitors in a

primary mouse model of undifferentiated pleomorphic sarcoma. Sarcoma 2012, 2012, 680708. [CrossRef]
69. Redon, C.; Pilch, D.; Rogakou, E.; Sedelnikova, O.; Newrock, K.; Bonner, W. Histone H2A variants H2AX and H2AZ. Curr. Opin.

Genet Dev. 2002, 12, 162–169. [CrossRef]
70. Anandharaj, A.; Cinghu, S.; Park, W.Y. Rapamycin-mediated mTOR inhibition attenuates survivin and sensitizes glioblastoma

cells to radiation therapy. Acta Biochim. Biophys. Sin. 2011, 43, 292–300. [CrossRef]
71. Li, L.; Liu, W.L.; Su, L.; Lu, Z.C.; He, X.S. The Role of Autophagy in Cancer Radiotherapy. Curr. Mol. Pharmacol. 2020, 13, 31–40.

[CrossRef] [PubMed]

http://doi.org/10.1038/s41416-020-01074-2
http://www.ncbi.nlm.nih.gov/pubmed/32963347
http://doi.org/10.3390/biomedicines9081045
http://www.ncbi.nlm.nih.gov/pubmed/34440249
http://doi.org/10.1016/j.oraloncology.2020.104753
http://www.ncbi.nlm.nih.gov/pubmed/32464516
http://doi.org/10.1016/j.ijrobp.2019.09.050
http://doi.org/10.3390/ijms23147889
http://doi.org/10.3390/ijms22073464
http://doi.org/10.3390/cancers12010092
http://doi.org/10.3390/v13050910
http://doi.org/10.3390/ijms19071824
http://doi.org/10.3390/cancers13061251
http://www.ncbi.nlm.nih.gov/pubmed/33809148
http://doi.org/10.3390/ijms22158199
http://www.ncbi.nlm.nih.gov/pubmed/34360968
http://doi.org/10.3390/ijms22168391
http://doi.org/10.1038/nrc2664
http://doi.org/10.3389/fonc.2013.00108
http://doi.org/10.21873/anticanres.12079
http://doi.org/10.18632/oncotarget.1978
http://doi.org/10.1155/2012/680708
http://doi.org/10.1016/S0959-437X(02)00282-4
http://doi.org/10.1093/abbs/gmr012
http://doi.org/10.2174/1874467212666190809154518
http://www.ncbi.nlm.nih.gov/pubmed/31400274

	Radiation Therapy in Head and Neck Cancer 
	Significance of PI3K/AKT/mTOR Signaling on Radioresistance 
	Targeting of PI3K/AKT/mTOR Signaling for Radiosensitization 
	mTOR Inhibitors 
	PI3K Inhibitors 
	PI3K/mTOR Dual Inhibitors 
	Inhibitors in Radiation-Resistant HNSCC Cells 

	Conclusions 
	References

