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Alterations and Molecular Targeting of the GSK-3 Regulator, 
PI3K, in Head and Neck Cancer

Michelle Lee1, Nan Jin2, Jennifer R. Grandis2, Daniel E. Johnson2,*

1School of Medicine, University of California, San Francisco, San Francisco, CA, USA

2Department of Otolaryngology, University of California, San Francisco

Abstract

Head and neck squamous cell carcinoma (HNSCC) is a highly morbid, genetically unstable 

disease derived from the mucoepithelium of the upper aerodigestive tract. Recent characterization 

of this disease has implicated the PI3K-Akt-mTOR pathway as one of the most frequently 

dysregulated pathways. As such, there are several classes of PI3K inhibitors currently undergoing 

clinical trials. In this article, we review the PI3K pathway, mutations of this pathway in HNSCC, 

drugs that target PI3K, the impact of these agents on the PI3K and GSK-3 signaling axes, ongoing 

clinical trials evaluating PI3K inhibitors, and the challenges of using these drugs in the clinic.
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1 Introduction

Glycogen synthase kinase-3 (GSK-3) is a ubiquitous kinase with pleiotropic roles. It is 

constitutively expressed in all mammalian tissues and over 100 distinct substrates have been 

elucidated [1,2]. First identified in 1980 in the context of insulin signaling, GSK-3 has since 

been shown to be involved in numerous signaling pathways, such as those mediated by 

Notch, Wnt, and phosphinositide 3-kinase (PI3K) [3-6]. Of particular interest is the 

interaction of GSK-3 with the PI3K signaling pathway, a well-characterized and often 

implicated oncogenic pathway in nearly all solid cancers [7].
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Signaling via the PI3K pathway is initiated by the activation of plasma membrane receptor 

tyrosine kinases (RTKs) following binding of growth factor or cytokine ligands such as 

epidermal growth factor (EGF) or insulin (Figure 1) [8,9]. Ligand binding induces 

autophosphorylation of tyrosine residues in the receptor cytoplasmic domain, which then 

serve as binding sites for PI3K, leading to activation of the PI3K enzyme. Activation of 

PI3K eventually leads to phosphorylation and activation of the serine/threonine kinase Akt 

[10]. Akt can phosphorylate a variety of proteins, including the amino-terminal serine 

residue in the autoinhibitory domain of GSK-3 [11]. Phosphorylation at this site leads to 

inhibition of GSK-3 activity. Normally, GSK-3 acts to maintain the inactive states of key cell 

cycle regulators, such as cyclin D and c-Myc [1,12]. Hence, Akt-mediated phosphorylation 

of GSK-3 serves to activate proteins that are normally inhibited by GSK-3 (Figure 1) [11]. 

Given this close interaction between the PI3K and GSK-3 pathways, a thorough 

understanding of the regulation of GSK-3-mediated signaling requires knowledge of the 

PI3K signaling pathway and the impact of PI3K genetic alterations that commonly occur in 

human cancers. This review will focus on alterations in the PI3K pathway in the setting of 

HNSCC.

2 Head and Neck Squamous Cell Carcinoma

HNSCC is the sixth most common type of cancer in the world with over 650,000 new cases 

diagnosed every year [13,14]. Known risk factors include tobacco or alcohol consumption, 

and human papilloma virus (HPV) infection [15]. Though advancements in treatment – 

typically a combination of surgery, radiotherapy, and chemotherapy – have been made, the 

5-year survival rate for HNSCC has remained stalled at approximately 50% for the past 40 

years [16]. In the face of this dismal statistic, interest has grown in developing precision 

medicine approaches and small molecule targeting agents for this disease. In order to 

develop such drugs, a greater understanding of the genetic changes and molecular 

mechanisms that drive HNSCC oncogenesis is needed.

The last decade has seen dramatic advancements made in profiling the genomic landscape of 

HNSCC. In 2015, The Cancer Genome Atlas (TCGA) reported a comprehensive genomic 

characterization of 279 HNSCC samples that has since been updated to include 530 samples 

[17-19]. HNSCC was found to have high genomic instability, as demonstrated by a reported 

mean of 141 copy number alterations (CNAs) and 62 structural aberrations (chromosomal 

fusions). Notably, the most commonly altered oncogene in HNSCC was found to be 

PIK3CA, which codes for the p110α catalytic subunit of the PI3K enzyme. Genetic 

alteration of PIK3CA, including mutation and/or amplification, was found in 34% of HPV-

negative HNSCC tumors, and in 56% of HPV-positive tumors [17,20]. This review will 

focus on the oncogenic role of PIK3CA in HNSCC, agents and strategies that have been 

developed to target the proteins encoded by wild-type or mutant PIK3CA, and ongoing 

clinical trials involving these agents.

3.1 Classes of PI3K Enzymes

The PI3K enzymes comprise a family of intracellular phosphatidylinositol (PtdIns) kinases 

that are categorized into three classes based on structure, function, and substrate preference. 
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Class I PI3Ks are heterodimers that consist of a regulatory subunit and a catalytic subunit 

and can be further categorized into class IA (PI3Kα, PI3Kβ, PI3Kδ) or IB (PI3Kγ), based 

on catalytic subunit subtype [21]. In class IA, there are three isoforms of the catalytic 

subunit – p110α, p110β, and p110γ – respectively encoded by PIK3CA, PIK3CB and 

P1K3CD and five variants of the regulatory subunit – p85α, p55α, p50α, p85β, and p55δ. 

Class IB consists of the catalytic subunit, p110γ, encoded by PIK3CG and a regulatory 

subunit – p101 or p76.

Upon activation, class I PI3Ks act at the cellular membrane where they phosphorylate 

phosphatidylinositol-4,5-bisphosphate (PIP2) to generate phosphatidylinositol-3,4,5-

bisphosphate (PIP3) [22]. Once PIP3 has locally accumulated at the membrane, the 

phosphorylated inositol head acts as an anchoring site for proteins that contain pleckstrin 

homology (PH) domains, leading to activation of these secondary signaling proteins [23] 

[24]. Among the PH domain-containing effector proteins that become activated are Akt, 3-

phosphoinositide-dependent protein kinase 1 (PDK1), and guanosine diphosphate (GDP)-

GTP exchange factors for Rac [24-26]. Once activated, these signaling proteins initiate 

various cellular pathways involved in cell survival, cell cycle, metabolism, and migration, 

among others.

Class II PI3Ks are monomers of catalytic isoforms and lack regulatory subunits [23]. 

Though less understood than the class I enzymes, they are thought to be involved in 

angiogenesis, clathrin-mediated endocytosis, and insulin stimulation [27-31]. Class III 

PI3Ks are heterodimers of a catalytic and regulatory subunit and are known to convert 

phosphatidylinositol (PI) to phosphatidylinositol 3-phosphate (PI3P). The Class III PI3Ks 

are thought to be involved in autophagy induction [32]. This review will focus primarily on 

the Class IA PI3K containing the p110α catalytic subunit encoded by PIK3CA.

3.2 Mutations in PI3K in Head and Neck Cancer

Since publication of the genomic profile of HNSCC tumors by the TCGA in 2015, further 

studies have corroborated the high frequency of alterations in components of the PI3K 

signaling pathway in head and neck cancer. In a whole-exome sequencing analysis of 151 

HNSCC tumors, the PI3K pathway was found to be the most commonly altered mitogenic 

pathway (30.5% of tumors) compared to the JAK/STAT pathway (9.3%) and MAPK 

pathway (8.0%) [20]. Among genes encoding PI3K pathway components, PIK3CA was 

found to be the most frequently mutated (12.6% of tumors), followed by PIK3CG and PTEN 
[20]. Additional studies reported similar findings of 7.4%, 10.5%, and 10.4% for PIK3CA 
mutation rates in HNSCC [33-35].

Among the PIK3CA mutations observed in HNSCC, 63% occur at three “hotspot” locations 

in the p110α subunit – E542, E545, and H1047 [18,19]. Collectively, mutations at these 

three sites are referred to as canonical PIK3CA mutations. E542 and E545 are located in the 

helical domain of p110α and mutations at these sites are known to confer PI3K 

hyperactivity by disrupting the regulatory impact of p85 on the p110α catalytic subunit [36]. 

H1047 is located in the p110α kinase domain and mutation at this site is thought to cause a 

conformational change in the kinase, granting the kinase easier access to its phospholipid 

substrate [37]. The frequency of PIK3CA canonical mutations may also vary by HPV status. 
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A retrospective study of 87 oropharyngeal cancer samples found only 4 of 41 (9.76%) HPV-

negative tumors harbored hotspot mutations versus 13 of 46 (28.2%) HPV-positive tumors 

[38].

Mutational activation of p110α leads to stimulation of the PI3K-Akt-mTOR signaling 

pathway, which regulates multiple aspects of cell growth and survival (Figure 1). Notably, 

Akt mediates phosphorylation of mTOR, a key mediator of cellular metabolism [39]. Akt 

can also inactivate TSC1-TSC2, thereby promoting Rheb GTPase to activate mTORCl [40]. 

mTORC1 subsequently inactivates the translational inhibitor 4E-BP1 and activates S6 kinase 

(S6K), promoting protein synthesis [41]. In addition to effects on cell growth and 

metabolism, activation of the PI3K-Akt-mTOR pathway has been shown to contribute to 

regulation of apoptosis and angiogenesis [42-44]. Hence, it is perhaps not surprising that 

activating mutations in the PIK3CA gene form the basis for aberrant tumor growth and 

metastasis in a variety of cancers.

3.3 GSK-3 in Head and Neck Cancer

While the role of PI3K in head and neck cancer oncogenesis has been well studied, the 

precise role of GSK-3, downstream of PI3K, is less clear. Confusion surrounding the 

oncogenic potential of GSK-3 exists for other cancers, as it has been shown to demonstrate 

both pro- and anti-tumor activity [45]. These conflicting properties are also found in head 

and neck cancer.

Prior experiments have shown that treatment of four HNSCC cell lines with the GSK3a/p 

inhibitor, SB 216763, resulted in decreased cell viability and migration [46]. Similar 

decreases in cell proliferation and migration with GSK-3 β inhibition were found in 

esophageal squamous cell carcinoma (ESCC) lines; conversely, increased GSK-3β pathway 

activation in nasopharyngeal carcinoma cell lines resulted in increased proliferation and 

invasion [47,48]. Clinical samples from HNSCC patients have further supported a potential 

oncogenic role for GSK-3. Seventy-three percent (11/15) of HNSCC patient samples 

exhibited aberrant nuclear expression of GSK-3P, whereas all benign samples contained no 

nuclear GSK-3β [49]. GSK-3β levels were also found to be significantly increased in 

HNSCC patients presenting with cervical lymph node metastasis, supporting in vitro data 

implicating its role in enhancing cell migration and invasion [50].

Interestingly, GSK-3 also plays a key cancer protective role through cell cycle regulation. As 

mentioned, GSK-3 inhibits c-Myc, a major oncogenic transcription factor, and is critical in 

the phosphorylation and subsequent degradation of cyclin D1 and cyclin E [51]. In murine 

models, deletion of transcription factor Grhl3 in oral epithelium resulted in loss of GSK3β 
expression independent of PI3K signaling; subsequent accumulation of c-Myc was followed 

by development of aggressive oral tumors [52]. GSK-3 is also crucial in keeping epithelial-

to-mesenchymal transitions (EMT) in check. In ESCC lines, GSK-3β induction resulted in 

loss of the mesenchymal marker, Snail, and induction of E-cadherin [53]. In oral squamous 

cell carcinoma lines, Pramanik et al. found that inactivation of GSK-3 signaling was strongly 

associated with increased matrix metalloproteinase-9, an enzyme that digests extracellular 

matrix [54]. To date, the role of GSK-3 in HNSCC is not yet fully elucidated; further work 
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in characterizing its oncogenic properties are necessary before it can be pursued as a 

potential target in HNSCC therapy.

4.1 PI3K Inhibitors

Because this review focuses on the oncogenic effects of PIK3CA, this section will review 

inhibitors that target the PI3Ka enzyme. In presenting the inhibitors below, we begin with 

PI3K class IA-selective inhibitors, followed by pan-class I inhibitors, and concluding with 

PI3K/mTOR inhibitors. The structures of the PI3K inhibitors described below are shown in 

Figure 2 and summaries of clinical trials involving PI3K inhibitors are provided in Tables 1 

and 2.

4.1.1 Alpelisib (BYL719)—Alpelisib selectively inhibits pi 10a, the product of 

PIK3CA. Positive association between the efficacy of alpelisib and PIK3CA status has been 

most strongly demonstrated in breast cancer. In a recent Phase III trial, 572 breast cancer 

patients were randomized to receive alpelisib plus fulvestrant or placebo plus fulvestrant. In 

a sub-cohort of 341 patients with confirmed PIK3CA-mutated cancer, progression-free 

survival (PFS) was significantly improved compared to patients with wild-type PIK3CA 
cancer (11 months vs 5.7 months) as well as overall response (26.6% vs 12.8%) [55]. 

Subsequently, in May of 2019, the FDA approved alpelisib in combination with fulvestrant 

to treat advanced or metastatic breast cancers that express hormone receptor and harbor 

mutations in PIK3CA [56].

Preclinical in vitro and in vivo data suggest that alpelisib is more active in cells harboring 

PIK3CA mutations. In a pharmacological profiling screen of a large panel of cancer cell 

lines, alpelisib sensitivity was found to be associated with PIK3CA mutation, amplification, 

and copy number gain [57]. Similar results were observed in in vivo mouse models [58]. 

When six mutant human HNSCC cell lines - two mutant PIK3CA, four wild-type PIK3CA – 

were treated with alpelisib in vitro, PIK3CA-mutant cell lines demonstrated greater 

inhibition of growth than wild-type cell lines [59].

Clinical trials of alpelisib in head and neck cancer are ongoing. In 2014, a Phase Ib/II study 

of alpelisib in combination with cetuximab in 32 recurrent or metastatic HNSCC patients 

found that the combination of BYL719 and cetuximab was well tolerated [60]. In a single-

institution study of alpelisib in combination with cetuximab and radiation in stage III/IVb 

HNSCC, 11 patients demonstrated complete response based on posttreatment imaging. Eight 

of the 11 patients received mutational analysis; one patient was found to have a PIK3CA 
activating mutation and showed rapid response on serial intratreatment MRI scans, 

suggesting BYL719 may enhance radiosensitivity, particularly in the setting of PIK3CA 
mutation [61].

While no clinical trials in head and neck cancer patients based on PIK3CA status have been 

completed, the TRanslational biomarker driven UMbrella Project for Head and neck 

(TRIUMPH) trial, which will screen and assign head and neck cancer patients to one of 

several molecularly defined subtrials with matched targeted agents, including alpelisib, is 

currently in progress [62].
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4.1.2 Buparlisib (BKM120)—Buparlisib is a class I pan-PI3K inhibitor that targets the 

ATP binding site in the kinase domain of all four p110 isoforms [63]. Buparlisib is absorbed 

rapidly following oral administration and demonstrates dose-dependent accumulation in 

serum [63]. Preclinical data demonstrated anti-proliferative and anti-tumor activity, as well 

as anti-angiogenic activity in glioma cell lines and anti-microtubular activity in melanoma 

cell lines [64,65]. In two HNSCC cell lines, buparlisib enhanced sensitivity to radiotherapy 

[66].

An open-label, Phase I clinical study of buparlisib in advanced solid tumors was completed 

in Japan in 2014, and found the maximum daily dose to be 100 mg. Of the 15 patients 

included in the study, two were head and neck cancer patients [67]. In 2017, a pilot dose-

escalation study investigating the efficacy of buparlisib plus cetuximab was conducted in 

recurrent or metastatic head and neck cancer patients. While treatment was well tolerated 

with no grade 4–5 adverse effects, clinical efficacy was limited [68]. A Phase Ib dose 

expansion study then evaluated buparlisib in combination with high-dose carboplatin and 

paclitaxel in patients with advanced solid tumors versus buparlisib in combination with 

standard dose carboplatin and paclitaxel in patients selected for PTEN loss, a negative 

regulator of PI3K. There was no significant difference in clinical response between those 

with PTEN loss and those without [69]. The BERIL-I Phase II trial in 2017 studied the 

efficacy and safety of buparlisib plus paclitaxel in recurrent or metastatic head and neck 

cancer patients previously treated with platinum. Results showed increased PFS from 3–5 

months to 4–6 months (p=0.011). Similar proportions in buparlisib and placebo groups 

harbored PIK3CA mutations (11% vs 13%) and loss of PTEN expression (1% vs 1%); 

authors did not report on the utility of PIK3CA mutation as a predictive biomarker of 

buparlisib efficacy [70].

More recently, clinical trials have begun to stratify head and neck cancer patients based on 

PIK3CA and PTEN status. A Phase II multi-center clinical trial in France treated 58 head 

and neck cancer patients who had failed platinum and cetuximab-based therapy with 

buparlisib monotherapy based on the status of canonical PIK3CA mutations. Results from 

the trial showed no difference in the primary endpoint of disease control rate at two months 

between those harboring canonical PIK3CA mutations and those with wild-type PIK3CA 
(36.4% vs 38.9%) [71].

4.1.3 PX-866—PX-866 was developed in 2004 as an analog to wortmannin, a potent, 

irreversible class I pan-isoform PI3K inhibitor, that is limited to use as a tool compound due 

to liver toxicity [72,73]. Like wortmannin, after oral administration, PX-866 inhibits PI3K 

by covalently binding to a critical lysine residue in the catalytic domain. Preclinical data was 

initially promising. In vitro studies demonstrated the ability of PX-866 to inhibit anchorage-

independent colony formation and cell migration in glioblastoma, prostate, breast, and colon 

cancer cell lines [73]. Phase I clinical studies also demonstrated a favorable side effect 

profile [74].

However, Phase II studies of PX-866 have shown limited clinical efficacy. In 2015, 85 

patients with locally advanced, recurrent, or metastatic HNSCC who had failed at least one, 

and no more than two, systemic treatment regimens were randomized to receive docetaxel 
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either with or without PX-866. There was no significant difference in response rate (RR), 

PFS, and overall survival (OS) between treatment arms. Four of 49 tumors that were 

sequenced were found to harbor PIK3CA mutations. Due to its rarity, no association could 

be found between PIK3CA mutational status and clinical response [75]. In another Phase II 

study, 83 HNSCC patients were assigned to cetuximab either with or without PX-866. 

Again, no significant difference was found in RR, PFS, and OS between the two groups. Of 

the 46 tumors that were sequenced, eight were found to contain PIK3CA exon mutations; 

none of the eight patients showed a treatment response [74]. PX-866 is no longer being 

developed for HNSCC.

4.1.4 Copanlisib (BAY 80-6946)—Copanlisib is an intravenous class I pan-isoform 

PI3K inhibitor with preference towards a and y isoforms. In 2017, this drug was FDA-

approved for adult patients with follicular lymphoma who have failed at least two therapy 

regimens [76]. In a profiling screen, copanlisib potently inhibited cell proliferation in 

multiple hematological, breast, and endometrial cancer cell lines [77]. In vitro studies 

showed that copanlisib halts cell cycle progression and induces apoptosis in multiple 

myeloma cells and in vivo studies demonstrated its anti-proliferative effects in murine 

xenograft models [78].

In a clinical trial of copanlisib, 57 patients (9 with non-Hodgkin’s lymphoma, 48 with solid 

tumors) were treated in a dose-escalation study. Copanlisib showed particular efficacy in 

hematological malignancies (RR 67%) with less activity in solid tumors (RR 6%). PIK3CA 
mutational status was determined via sequencing of circulating tumor DNA or tumor tissue 

in all 57 patients. 12 were found to harbor PIK3CA mutations while 45 contained wild-type 

PIK3CA. Of the three solid tumor patients who had treatment response, one patient 

(endometrial cancer) showed complete response and was found to harbor a PIK3CA 
mutation [79]. An ongoing study testing copanlisib plus cetuximab in patients with recurrent 

or metastatic HNSCC that harbor PIK3CA mutations, amplification, or PTEN loss is 

currently active (NCT02822482).

4.1.5 SF1126—2-(4-morpholinyl)-8-phenyl-4H-lbenzopyran-4-one (LY294002) is a dual 

PI3K and mTOR inhibitor, but is not a viable clinical drug due to its poor solubility and 

short half- life [80]. In 2008, SF1126 was developed as a more pharmacokinetically 

favorable, water-soluble prodrug of LY294002. SF1126, which is intravenously 

administered, contains an RGDS peptide that targets integrins (αvβ3/α5β1) expressed on 

endothelial and tumor cells, allowing for enhanced tumor uptake. Preclinical data shows 

anti-tumor and anti-angiogenic effects in preclinical in vivo models of glioma and breast 

cancer [81]. SF1126 was also shown to inhibit cell proliferation in vitro in breast, renal, and 

colon cancer cell lines [80,82].

In clinical trials, SF1126 treatment resulted in stable disease (as best response) in 19 of 33 

(58%) patients with advanced B cell malignancies or solid tumors, and demonstrated a 

favorable safety profile [83]. One ongoing clinical trial is evaluating the efficacy of SF1126 

in combination with nivolumab in hepatocellular carcinoma (NCT03059147). A Phase II 

study investigating SF1126 in recurrent or refractory HNSCC with PIK3CA mutations was 

initiated in 2015, but due to slow recruitment, was terminated in 2018 (NCT02644122).
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4.1.6 Dactolisib (BEZ-235)—Dactolisib, an oral dual class I PI3K and mTOR inhibitor, 

competitively binds to the ATP cleft of these enzymes. In vitro, dactolisib induces G1 cell 

cycle arrest in prostate cancer and glioblastoma cell lines. Treatment with dactolisib also 

demonstrated dose-dependent anti-tumor or activity against PC3M xenograft tumors [84]. 

Interestingly, HNSCC SCC25 cells engineered to express the H1047R p110α mutation 

showed increased sensitivity to dactolisib whereas cell lines expressing the E545K mutation 

only demonstrated modestly increased sensitivity relative to parental SCC25 cells, without a 

clear understanding of how each mutation mediated drug response [85].

Clinical trials of dactolisib, however, have been less than promising. A Phase Ib study in 

patients with advanced renal cell carcinoma was terminated prematurely due to serious 

adverse effects. The authors reported grade 3-4 adverse effects in 50% of their patients 

without objective responses. Most common dose-limiting toxicities included fatigue, rash, 

nausea and vomiting, diarrhea, and mucositis [86]. Additional studies reported similar 

limitations due to toxicities. In a Phase II trial of dactolisib in patients with pancreatic 

neuroendocrine tumor patients, treatment was discontinued in 39% of patients due to poor 

tolerance and grade 3-4 adverse effects were reported in 84% of patients [87]. One case of 

HNSCC was included in a Phase Ib study for advanced solid tumors; however, dactolisib 

again displayed poor tolerability and modest efficacy and is no longer in development [88].

4.1.7 Gedatolisib (PF-05212384)—Gedatolisib is an intravenous dual PI3K and 

mTOR inhibitor. Synthesized in 2010, gedatolisib was first shown to decrease cell survival 

and proliferation in breast and prostate cancer cell lines and to demonstrate anti-tumor 

efficacy against breast cancer xenograft tumors [89]. In HNSCC cell lines resistant to 

epidermal growth factor receptor (EGFR) inhibitors, treatment with gedatolisib enhanced 

sensitivity to cetuximab, resulting in increased apoptosis [90]. In mice harboring EGFR 

inhibitor-resistant esophageal tumors, treatment with gedatolisib and cetuximab resulted in 

tumor growth inhibition and prolonged survival of the mice [90]. Additionally, pre-treatment 

of HNSCC cell lines with gedatolisib has been shown to result in significant sensitization to 

radiotherapy, with minimal radiosensitization in normal fibroblasts [91].

In a Phase I study, gedatolisib monotherapy exhibited manageable safety profiles and good 

anti-tumor efficacy (part 2 of study) in 78 patients with advanced solid tumors, including 

two cases of salivary gland cancer. There was no association between PIK3CA mutational 

status and treatment response, though the authors note this is likely due to the low number of 

PIK3CA mutant tumors (n=4) [92]. A Phase Ib study to investigate gedatolisib in 

combination with paclitaxel and carboplatin in patients with advanced head and neck, breast, 

ovarian or endometrial, or non-small cell and small cell lung cancers was recently completed 

(NCT02069158). Another clinical study incorporating the CDK4/6 inhibitor palbociclib in 

combination with gedatolisib in advanced head and neck cancer and other solid tumors is 

actively recruiting (NCT03065062).

4.2 Limitations of PI3K inhibitors in the clinic

4.2.1 Toxicities—The breadth of functions that class I PI3K enzymes perform is 

reflected in the wide array of toxicities observed with pan-PI3K inhibitors. The most 
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commonly reported adverse effects include nausea and vomiting, diarrhea, fatigue, rash, 

anorexia, and elevated transaminase enzymes [93]. The four isoforms of PI3K p110 subunit 

(α, β, γ, δ) demonstrate tissue-specific expression and perform distinct functions. Thus, the 

isoform that is inhibited informs the toxicities observed for its unique inhibitor. We will 

focus on hyperglycemia, the adverse effect that is common to PI3Kα inhibitors and 

impinges on GSK-3 signaling.

PI3Kα is expressed ubiquitously and involved in insulin signaling and metabolic regulation. 

After insulin binds to the insulin receptor (IR), the PI3K pathway becomes activated when 

IRS1/2 binds to the regulatory subunit of PI3K, p85. Akt is subsequently activated and 

phosphorylates GSK-3, which increases glycogen synthesis through GYS1 (Figure 1). 

Disruption of this pathway, thereby, causes hyperglycemia [94].

Hyperglycemia is largely specific for inhibitors of the PI3Kα isoform. In an in vivo study, 

deletion of p110α expression in the liver of mice resulted in significant moderation of 

insulin signaling, as well as loss of PI3K pathway products. These defects could not be 

rescued by overexpression of p110β [95]. In a separate study, mice with muscle-specific 

alterations in PI3Kα signaling demonstrated whole-body glucose intolerance [96]. These 

results have been further corroborated in clinical studies. PI3K inhibitors with higher 

potency for PI3Kα manifest higher incidences of hyperglycemia [93]. For instance, the half 

maximal inhibitory concentration (IC50) for PI3Kα of copanlisib is 0.5 nmol/L whereas 

buparlisib has an IC50 of 52 nmol/L [97]. As such, 63% of subjects in a Phase I trial for 

copanlisib experienced hyperglycemia (30% Grade 3-4), whereas only 6.7% of subjects in 

Phase I trials for buparlisib reported hyperglycemia (100% Grade 3-4) [67,79].

The use of PI3K inhibitors as a whole has been limited by intolerable toxicities, resulting in 

suboptimal dosing and dosing schedules. Thus, studies have begun to explore intermittent 

dosing schedules to limit adverse effects. For instance, intermittent dosing of buparlisib (5 of 

7 days) in breast cancer patients compared to daily dosing resulted in lower frequency of 

adverse effects with no significant difference in clinical benefit [98]. Further trials are 

needed to determine optimal dosing schedules that minimize toxicities without 

compromising efficacy.

4.2.2 Mechanisms of resistance—While toxicities have limited the use of PI3K 

inhibitors, resistance has also proven to be a major obstacle to their application in the clinic. 

The complexities of the PI3K pathway and its extensive interactions with other signaling 

networks have made it difficult to elucidate consistent mechanisms of resistance.

Some possible mechanisms involve rebound activation from loss of negative feedback loops 

in the PI3K pathway. For instance, Akt phosphorylates FOXO1 proteins. Once 

phosphorylated, these proteins are unable to upregulate PI3K-activating RTKs – including 

EGFR, IR, and HER3 – thereby repressing the PI3K pathway in a negative feedback manner 

[99,100]. Akt also activates mTORC1 and S6K, which then suppress IRS1 expression as 

another regulatory mechanism [101]. When PI3K inhibitors are introduced into this complex 

system, negative feedback from FOXO proteins, TORC1, and S6K is lost, resulting in 

unchecked RTK activation and IRS1 expression.
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Other resistance mechanisms involve aberrant upregulation or activation of AXL, RAS, or 

MAPK. For instance, in head and neck and esophageal squamous cell carcinomas resistant 

to PI3Kα inhibition, the receptor tyrosine kinase AXL promotes resistance by activating 

PLCγ and PKC, resulting in PI3K-independent mTOR activation [102]. Repression of AXL 

was found to restore sensitivity to PI3Kα inhibition [103]. Compensatory activation of 

complementary pathways closely interconnected with the PI3K pathway also contributes to 

inhibitor resistance. For example, HRAS mutant HNSCC cell lines that were resistant to 

alpelisib were shown to have reduced Akt phosphorylation; however, expression of 

downstream proteins, such as phosphorylated S6, was maintained. Additionally, ERK-TSC2 

signaling through the MAPK pathway can activate mTOR independent of PI3K [104]. In 

another study, PI3K inhibition induced upregulation of HER3 receptors in HPV-positive 

HNSCC cell lines. HER3 overexpression subsequently increased expression of E6 and E7, 

which in turn promoted hyperactivation the PI3K pathway. HER3 suppression was able to 

reduce E6 and E7 levels and restore PI3K inhibitor sensitivity [105].

5 Conclusion

Overall, the success of PI3K inhibitors has been largely limited by their modest efficacy in 

clinical trials, toxicities, and acquired resistance. One reason for these disappointing results 

is the current lack of biomarkers that can be used to reliably predict sensitivity to PI3K 

inhibitors. Several candidates have been evaluated as possible biomarkers, of which PIK3CA 
mutation has proven to be the most consistent in preclinical experiments and clinical trials. 

However, published trials have been constrained by small numbers of patients with positive 

biomarkers and thus lack the power necessary to definitively answer whether PIK3CA 
mutation is a useful predictor of inhibitor sensitivity. Of the 14 ongoing clinical trials 

evaluating PI3Kα inhibitors in head and neck cancer, 5 involve restricting patients to those 

with positive biomarkers, including PIK3CA mutation, PTEN loss, and alterations in PI3K 

pathway (Tables 1 and 2). The results from these trials will perhaps shed light on the utility 

of these biomarkers in predicting the efficacy of PI3Kα inhibitors in patients with head and 

neck cancer.
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Highlights:

• GSK-3 is negatively regulated by the PI3K pathway

• PIK3CA encoding the catalytic subunit of PI3K is commonly altered in 

HNSCC

• Past clinical trials of PI3K inhibitors have demonstrated limited efficacy

• Biomarkers identifying patients sensitive to PI3K inhibitors are needed
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Figure 1. The PI3K signaling pathway.
PI3K converts PIP2to PIP3, leading to the activation of Akt. Akt inhibits FOXO1, which 

when active, increases expression of various RTKs including EGFR, IR, and HER3. Akt also 

activates mTORC1 via inhibition of TSC1/2, leading to stimulation of protein synthesis via 

activation of S6K and inhibition of 4E-BP1. Inhibition of GSK-3 by Akt results in increased 

expression of cyclin D and c-Myc and decreased glycogen synthesis.

Lee et al. Page 20

Biochim Biophys Acta Mol Cell Res. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Inhibitory activities and molecular structures of class IA PI3K/mTOR inhibitors.
Different classes of inhibitors target different PI3K isoforms. Alpelisib specifically targets 

PI3Kα while buparlisib, PX-866, and copanlisib are pan-class IA PI3K inhibitors. SF1126, 

dactolisib, and gedatolisib are dual class IA PI3K/mTOR inhibitors. Molecular structures 

were created on PubChem [106].
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Table 1.

Ongoing clinical trials evaluating PI3Kα inhibitors in patients with head and neck cancer exclusively.

PI3Kα
inhibitor

Other
interventions

HNSCC conditions PI3K Biomarker Phase Status Clinical trial
identifier

Alpelisib All PI3K pathway alterations II Recruiting NCT03292250

Alpelisib Recurrent or 
metastatic

None II Recruiting NCT02145312

Alpelisib Cisplatin, intensity 
modulated 
radiotherapy (IMRT)

Locally advanced None I Active, not recruiting NCT02537223

Buparlisib Cetuximab Recurrent or 
metastatic

None I/II Active, not recruiting NCT01816984

Buparlisib Cisplatin, IMRT All None I Active, not recruiting NCT02113878

Copanlisib Cetuximab Recurrent or 
metastatic

PI3K mutation/ 
amplification and/or 
PTEN loss

I/II Active, not recruiting NCT02822482
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Table 2.

Ongoing clinical trials evaluating PI3Kα inhibitors in cancer, including patients with head and neck cancer.

PI3Kα
inhibitor

Other
interventions

Conditions PI3K Biomarker Phase Status Clinical trial
identifier

Alpelisib Advanced solid tumors PIK3CA mutation I Active, not 
recruiting

NCT01219699

Buparlisib Gefitinib Non-small cell lung cancer 
(NSCLC), enriched with 
solid tumors

Hyperactive PI3K 
pathway, historic EGFR 
mutation

I Active, not 
recruiting

NCT01570296

Copanlisib Nivolumab Metastatic solid tumors, 
lymphomas

None I Recruiting NCT03502733

Copanlisib Solid tumors, lymphomas None I/II Recruiting NCT03458728

Copanlisib Olaparib, 
durvalumab

Metastatic or unresectable 
solid tumors

None I Recruiting NCT03842228

Copanlisib Nivolumab Metastatic or unresectable 
microsatellite stable (MSS) 
solid tumors, MSS colon 
cancer

None I/II Recruiting NCT03711058

Copanlisib, 
GSK2636771, 
Taselisib

Refractory solid tumors, 
lymphomas, multiple 
myeloma

PIK3CA mutation or 
PTEN mutation/loss 
(copanlisib), PTEN 
mutation/loss 
(GSK2636771), PIK3CA 
mutations without RAS 
mutation or PTEN loss 
(taselisib)

II Recruiting NCT02465060

Gedatolisib Palbociclib Head and neck, lung, 
pancreatic, other solid 
tumors

None I Recruiting NCT03065062
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