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Simple Summary


A subset of head and neck cancers (SCCHN) are caused by human papillomavirus (HPV). As these tumours tend to affect younger patients and are associated with favourable survival, there is a pressing need to find ways to reduce long-term treatment toxicity while maintaining oncological efficacy. We studied utilisation of metabolic pathways in HPV-positive SCCHN cells with the aim of exploiting such for potential therapeutic benefit. We found that these tumours maintained metabolic diversity, in contrast to what we have observed in traditional SCCHN cells associated with mutations in the TP53 gene. This, in turn, correlated with susceptibility to metabolic inhibitors, insofar as a combination of these agents acting on different metabolic pathways was required to augment the effects of ionising radiation (a mainstay of treatment for SCCHN). Notionally, this may provide a means of treatment de-intensification by facilitating radiation dose reduction to minimise the impact of treatment on long-term function.




Abstract


Background: A major objective in the management of human papillomavirus (HPV)-positive squamous cell carcinoma of the head and neck (SCCHN) is to reduce long-term functional ramifications while maintaining oncological outcomes. This study examined the metabolic profile of HPV-positive SCCHN and the potential role of anti-metabolic therapeutics to achieve radiosensitisation as a potential means to de-escalate radiation therapy. Methods: Three established HPV-positive SCCHN cell lines were studied (UM-SCC-104, UPCI:SCC154, and VU-SCC-147), together with a typical TP53 mutant HPV-negative SCCHN cell line (UM-SCC-81B) for comparison. Metabolic profiling was performed using extracellular flux analysis during specifically designed mitochondrial and glycolytic stress tests. Sensitivity to ionising radiation (IR) was evaluated using clonogenic assays following no treatment, or treatment with: 25 mM 2-deoxy-D-glucose (glycolytic inhibitor) alone; 20 mM metformin (electron transport chain inhibitor) alone; or 25 mM 2-deoxy-D-glucose and 20 mM metformin combined. Expression levels of p53 and reporters of p53 function (MDM2, p53, Phospho-p53 [Ser15], TIGAR and p21 [CDKN1A]) were examined by western blotting. Results: HPV-positive SCCHN cell lines exhibited a diverse metabolic phenotype, displaying robust mitochondrial and glycolytic reserve capacities. This metabolic profile, in turn, correlated with IR response following administration of anti-metabolic agents, in that both 2-deoxy-D-glucose and metformin were required to significantly potentiate the effects of IR in these cell lines. Conclusions: In contrast to our recently published data on HPV-negative SCCHN cells, which display relative glycolytic dependence, HPV-positive SCCHN cells can only be sensitised to IR using a complex anti-metabolic approach targeting both mitochondrial respiration and glycolysis, reflecting their metabolically diverse phenotype. Notionally, this may provide an attractive platform for treatment de-intensification in the clinical setting by facilitating IR dose reduction to minimise the impact of treatment on long-term function.
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1. Introduction


Squamous cell carcinoma of the head and neck (SCCHN) is the sixth most common cancer globally, with an estimated incidence of 750,000 cases per year [1]. Whilst tobacco and alcohol consumption are traditional risk factors [2], there is also now a considerable body of evidence implicating human papillomavirus (HPV) as a cause of SCCHN, in particular of oropharyngeal SCC affecting the base of tongue and tonsils [3].



Although rates of oral and laryngeal cancers are stable or decreasing slightly in developed countries, primarily because the population is smoking less, there has been a dramatic upsurge in the incidence of oropharyngeal cancer in the developed world in recent years. In the United States (US), the incidence of oropharyngeal SCC increased by 22% between 1999 and 2006, after no change between 1975 and 1999 [4], and the United Kingdom (UK) has seen a doubling in incidence from 1/100,000 population to 2.3/100,000 in just over a decade [5]. This rapid increase has been widely attributed to an exponential rise in the incidence of HPV-related disease, a consensus corroborated by several prevalence studies [6,7].



HPV-positive SCCHN is associated with favourable survival outcomes irrespective of the treatment modality employed [8,9]. This, together with the fact that HPV-driven disease tends to affect younger and generally medically fitter patients, who are therefore likely to experience the functional ramifications of their treatment long-term, has led many to propose treatment de-intensification [10]. Consequently, a key objective in translational research is to identify ways of sensitising these tumours to the effects of current treatments, not only to improve efficacy, but also to minimise the substantial toxic effects. Fundamental to this is to elucidate the cellular processes that may determine radio- and/or chemo-sensitivity to facilitate therapeutic targeting of the key pathways that may impinge on these processes.



Alteration of cellular metabolism is now widely considered to be a hallmark of the cancer phenotype, intrinsic to malignant transformation [11], and as such presents a potentially attractive therapeutic target. However, whilst disruption of metabolic circuitry may occur to some degree in all tumours, there is undoubtedly heterogeneity, which may reflect both tissue-specific effects and distinct oncogenic events driving tumorigenesis in different tumour types [12]. Detailed study and consideration of the metabolic phenotype of individual cancers is paramount, therefore, if effective therapeutic strategies targeting metabolism are to be developed and effectively deployed.



In the context of HPV-negative SCCHN, we and others have shown previously that metabolic phenotype and associated therapeutic opportunities are dictated by TP53 status, with mutational loss of wild-type p53 function conferring a metabolic switch away from oxidative phosphorylation and towards glycolytic dependence [13,14,15]. Whilst HPV-positive tumours rarely harbour TP53 mutations (2–3% of cases [16]), the importance of the HPV E6 oncoprotein in targeting p53 for proteasomal degradation in HPV oncogenesis [17,18], invites scrutiny of metabolism in HPV-positive disease, particularly given the dearth of previously published data. The aims of this study, therefore, were to examine the metabolic profile in HPV-positive SCCHN and to determine whether anti-metabolic therapy might be employed to potentiate the effects of ionising radiation (IR).




2. Methods


2.1. Cell Lines and Culture Conditions


The following established immortalised cell lines were used in this study: UM-SCC-1, UM-SCC-81B, and UM-SCC-104 (kindly provided by Professor T.E. Carey, University of Michigan, Ann Arbor, MI, USA); UPCI:SCC154 (kindly provided by Professor S. Gollin, University of Pittsburgh, Pittsburgh, PA, USA); and VU-SCC-147 (kindly provided by Dr Josephine Dorsman, VU University Medical Centre, Amsterdam, The Netherlands). UM-SCC-104, UPCI:SCC154, and VU-SCC-147 are all SCCHN cell lines reported to be HPV-positive [19,20]. UM-SCC-1, a SCCHN cell line known to be p53 null [21], was used as a negative control in p53 Western blot analysis, while UM-SCC-81B, an HPV-negative oropharyngeal SCC cell line known to harbour a TP53 mutation (H193R) [22], was used for comparative purposes in metabolic profiling and clonogenic survival experiments being typical of the lines we recently described [15]. All cell lines were confirmed as identical to their published genotype [23,24,25] via short tandem repeat (STR) analysis with GenePrint® 10 System (Promega, Southampton, UK) and screened and confirmed negative for mycoplasma contamination using the e-MycoTM mycoplasma PCR detection kit (ChemBio, Luton, UK). Cells lines were grown in NuncTM cell culture treated flasks with filter caps (Thermo Fisher Scientific, Paisley, UK) in a humidified cell incubator at 37 °C with 5% CO2 and, with the exception of UPCI:SCC154, were maintained in Dulbecco’s modified Eagle’s media (DMEM, Sigma-Aldrich, Gillingham, UK) supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, 1% L-glutamine, and 1% non-essential amino acids. UPCI:SCC154 was maintained in Eagle’s minimum essential medium supplemented with 15% FBS, with additional supplements as above.




2.2. Western Blotting


Cells were harvested either untreated or 8 h after irradiation at a dose of 6Gy. Proteins extracted as described previously [26]. Typically, 50 μg samples of total protein were separated by SDS–PAGE and transferred to Immun-Blot® PVDF Membrane (Bio-Rad, Hercules, CA, USA). Western blotting was performed as described previously [23]. Mouse monoclonal antibodies against MDM2 (IF-2) (Calbiochem, San Diego, CA, USA), p53 (DO-1) (Calbiochem), TIGAR (E-2) (Santa Cruz, Dallas, TX, USA), p21 (CDKN1A) (F-5) (Santa Cruz), and a rabbit polyclonal antibody against Phospho-p53 (Ser15) (#9284) (Cell Signaling Technology, Danvers, MA, USA) were used to probe the expression of those proteins. Detection of Vinculin, using a mouse monoclonal antibody (V9131) (Sigma-Aldrich), was included as a loading control. Secondary antibodies were sheep anti-mouse (RPN4201) and donkey anti-rabbit (NA934) (GE Healthcare, Little Chalfont, UK) used at dilutions of 1:2500 and 1:5000 respectively. Membranes were washed with PBS-0.1% (v/v) Tween®-20 for all proteins except for phospho-p53 (Ser15) where the membrane was washed with TBS-0.1% (v/v) Tween®-20. Bio-Rad EveryBlot Blocking Buffer was used to suppress non-specific antibody binding. Signals were detected by chemiluminescence using Clarity Western ECL Substrate (Bio-Rad) and recorded using ChemiDoc MP imaging system (Bio-Rad).




2.3. Metabolic Profiling Studies


Metabolic studies were performed using an XF24 analyser (Seahorse Bioscience, Copenhagen, Denmark) to undertake either mitochondrial or glycolytic stress tests, essentially according to the manufacturer’s instructions. Experimental readouts are oxygen consumption rate (OCR) in pmol/min and extracellular acidification rate (ECAR) in mpH/min, to provide surrogate measures of oxidative phosphorylation and glycolysis respectively. Data were analysed using Wave software (Seahorse Bioscience). During mitochondrial stress tests, inhibitors were injected sequentially as follows: oligomycin 1.25 μM, FCCP 1.5 μM, and lastly a combination of rotenone and antimycin-A 1 μM. During glycolytic stress tests, inhibitors were injected sequentially as follows: glucose 10 mM, oligomycin 1.25 μM, and finally 2-DG 50 mM. ECAR was measured in mpH/min.



To enable quantification and for comparison of OCR and ECAR metabolic measurements between cell lines, normalisation to sample DNA content was employed. The DNA content of samples following completion of mitochondrial and glycolytic stress tests was determined in Corning® 96-well black bottom plates (Sigma-Aldrich) and then DNA content was measured using a CyQUANT® cell proliferation assay kit (Invitrogen, Paisley, UK), according to the manufacturer’s instructions. Fluorescence was measured at 520 nm following excitation at 508 nm using a POLARstar Omega plate reader (BMG LABTECH, Ortenberg, Germany).



When analysing data between different cell lines non-parametric statistics were used due to the number of samples in each group (<30) as per central limit theorem. Specifically, Mann-Whitney U tests were utilised and the significance level for all tests was set at 0.05. For the purposes of meaningful and valid comparison analysis of metabolic parameters derived from mitochondrial and glycolytic stress tests was performed for the HPV-positive cell lines grouped together and compared with the TP53 mutant HPV-negative cell line (UM-SCC-81B).




2.4. Clonogenic Survival Assays


Clonogenic survival assays were performed using a “plating after treatment” method as described previously [27]. Data were analysed as follows: the plating efficiency (PE) was calculated from the 0 Gy condition by dividing the number of colonies formed by the number of cells seeded. The number of colonies formed after treatment was then used to calculate the surviving fraction (SF) for each treatment condition, accounting for the plating efficiency: SF = (number of colonies formed/number of cells seeded) × PE. Survival parameters to generate treatment-dose survival curves for treatment conditions were then derived from fitting the data by weighted, stratified, linear regression according to the linear–quadratic formula S(D) = exp(αD + βD2), where S is survival following a given dose (D) of IR, which also allowed comparison between treatment conditions as described by Franken et al. [27] Specifically, the model summary examined whether the data scatter across two treatment-dose survival curves was described best with one modelled survival curve (null hypothesis) or was best described by two distinct modelled curves (test hypothesis) (i.e., a statistically significant difference [p < 0.05] between the compared treatment-dose survival curves) [27].





3. Results


3.1. HPV-Positive SCCHN Cells Maintain Metabolic Diversity


Metabolic profiling of the HPV-positive SCCHN cell lines (UM-SCC-104, UPCI:SCC 154, VU-SCC-147) demonstrated that these cells exhibit a diverse metabolic phenotype, displaying both robust mitochondrial and robust glycolytic reserve capacities (Figure 1). In contrast, and in accordance with what we and others have shown previously [13,14,15], the HPV-negative SCCHN mutant TP53 SCCHN cell line (UM-SCC-81B) displayed markedly reduced mitochondrial and glycolytic reserves, functioning near or at capacity under basal conditions (Figure 1). FCCP doses were also titrated to ensure the reduced mitochondrial reserve was not related to suboptimal FCCP dosing (Supplementary Figure S1).



To allow for a clearer interpretation of the overall metabolic picture comparison of normalised absolute values for the metabolic parameters generated from the mitchondrial and glyolcytic stress tests was also performed and are depicted in Figure 2. In keeping with the clear patterns shown in the relative stress test plots in Figure 1, the absolute values for maximal respiration, spare respiratory capacity, maximal glycolysis, and glycolytic reserve were significantly greater in the HPV-positive cell lines compared with HPV-negative mutant TP53 cell line (Figure 2A,B). Interestingly, however, capturing absolute OCR and ECAR values revealed that HPV-positive cells exhibited discernibly higher rates of mitochondrial respiration and lower rates of glycolysis under basal conditions, findings which were borne out more definitively when analysing the relative basal utilisation of mitochondrial respiration and glycolysis (Figure 2C).



Taken together, these findings suggest that HPV-positive SCCHN (and by association p53 wild-type [16]) cells predominantly catabolise glucose through oxidative phosphorylation under basal conditions and maintain robust mitochondrial function, enabling these cells to mount a maximal increase in ETC activity when exposed to mitochondrial stressors. In contrast, in the context of mutational inactivation of wild-type p53 function mitochondrial function appears to be compromised as cells display reduced oxidative phosphorylation under basal conditions and are unable to mount an increase in activity in response to mitochondrial stressors. Glycolysis seemingly predominates with significantly heightened basal levels, which are elevated to maximal cellular capacity leaving little or no glycolytic reserve. This is again consistent with what we and others have shown previously in HPV-negative SCCHN cell lines divergent on TP53 status [13,14,15].




3.2. HPV-Positive SCCHN Metabolic Diversity May Be Related to Residual Wild-Type p53 Function


That HPV-positive SCCHN cells maintain metabolic diversity was perhaps surprising given that previous data has shown loss of wild-type p53 function to be associated with a metabolic switch away from mitochondrial respiration and towards glycolytic dependence [13,14,15], and that targeting p53 for proteasomal degradation is key to HPV oncogenesis [17,18]. This prompted us to examine expression of p53 and reporters of p53 function (MDM2, p53, Phospho-p53 [Ser15], TIGAR and p21 [CDKN1A]) in the HPV-positive SCCHN cell lines, with the hypothesis that there may be residual wild-type p53 function sufficient to prevent metabolic re-programming.



Accordingly, western blotting revealed VU-SCC-147 to express p53 under basal conditions, and more importantly exposure to p53-activating genotoxic stress (6Gy IR) induced p53 stabilisation and activation of p53 reporters in this cell line (Figure 3 [original western bots are shown in Supplementary Figure S2]). This, however, was not demonstrated convincingly for the other HPV-positive SCCHN cell lines (UM-SCC-104 and UPCI:SCC 154). Consistent with this, such expression patterns have also been reported previously for these HPV-positive SCCHN cell lines [28,29].




3.3. HPV-Positive SCCHN Cells Require a Combinatorial Anti-Metabolic Therapeutic Approach


Having shown that HPV-positive SCCHN cell lines exhibit a diverse metabolic phenotype in keeping with functional wild-type p53, we sought to evaluate the potential of anti-metabolic approaches that could be used therapeutically. Cells were exposed to IR following no treatment, 2-DG alone, metformin alone, or combined 2-DG and metformin treatment. 2-DG is a stable glucose analogue and a well-recognised glycolytic inhibitor that interferes with glycolysis by inhibiting the glycolytic enzymes phosphoglucose isomerase and hexokinase [30,31]. Metformin has demonstrated activity against mitochondrial respiration, specifically against electron transport chain (ETC) complex I [32], and thus represents an appropriate choice to combine with 2-DG to enable targeting of both glycolysis and mitochondrial respiration.



Accordingly, we predicted that HPV-positive SCCHN cells would display unaltered sensitivity to IR if only glycolysis or the ETC were inhibited, since the cells retain the metabolic flexibility to adapt to these inhibitors, in contrast to our recent findings in TP53 mutant HPV-negative SCCHN cells, in which metabolic restriction allowed for radiosensitisation by 2-DG alone [15]. Moreover, we hypothesised that the drug combination might radiosensitise these metabolically more flexible cells. As expected, whilst 2-DG or metformin alone failed to have any effect on IR response, the combination of 2-DG and metformin resulted in significant potentiation of IR effects (Figure 4). Again, for comparative purposes anti-metabolic therapeutic approaches were evaluated in UM-SCC-81B as a typical representative TP53 mutant line. Consistent with what others and we have reported previously [13,14,15], in this HPV-negative cell line IR effects were potentiated significantly by glycolytic inhibition alone (Figure 4).





4. Discussion


In recent years cancer cell metabolism has come to the forefront of cancer research because of increasing links between tumour metabolism and the causal changes determining the cancer phenotype (reviewed in [33]), yet has received relatively little attention in the context of SCCHN generally, and in particular with respect to HPV-positive disease. Renewed interest in this field in cancer research more generally has led to the development of new drugs and re-purposing of existing drugs that target cellular metabolism, which, when combined with standard therapies can offer a selective therapeutic gain (reviewed in [34]). However, the specific nature and extent of the metabolic perturbations can differ significantly between cancers, depending both on genotype and tissue of origin [12]. For instance, although aerobic glycolysis is the best-documented metabolic phenotype, glutaminolysis has been shown to predominate in cervical cancer and glioblastoma [35,36], while enhanced rather than reduced oxidative phosphorylation is a feature of both breast cancer [37] and chronic lymphocytic leukaemia [38], findings that highlight the importance of detailed study of metabolism in cancer site-specific experimental systems.



Until relatively recently metabolic studies in SCCHN were lacking, and for the most part had focused on isolated or limited transporter/enzyme expression, rather than characterising dynamic metabolic flux and presenting a clear picture of the metabolic phenotype (reviewed in [39]). More recent and comprehensive metabolic studies, undertaken in our laboratory and by the Myers’ laboratory, have revealed TP53 status as a determinant of the metabolic phenotype and therapeutic response in HPV-negative SCCHN [13,15]. These studies, which utilised a similar experimental platform to the present study, demonstrated that cells with compromised p53 function displayed a distinct metabolic phenotype to that retained by wild-type p53 cells. Specifically, wild-type p53 cells displayed robust spare mitochondrial respiratory capacity, while those with compromised p53 function, (regardless of whether this is due to TP53 mutation or as a consequence of RNAi-mediated down-regulation of wild-type p53), displayed markedly reduced respiratory reserve, functioning near maximal capacity under basal conditions [13,15]. Importantly, this was associated with altered IR response following glycolytic inhibition with 2-DG, which potentiated IR effects in mutant and in cells with RNAi-mediated knock-down of p53 but not in wild-type TP53 cells [13,15]. Furthermore, these results were reproducible in isogenic cell lines divergent on TP53 functional status, corroborating a functional dependence on p53 [13,15].



Cognisant of this causal link between loss of p53 function and a less flexible “Warburg” metabolic phenotype, results from the present study are somewhat surprising. It is well documented that HPV, specifically via the viral E6 oncoprotein, inactivates p53 [40], and that as a result TP53 mutations are highly unusual in HPV-driven tumours of the cervix and also oropharynx (2–3% of cases [16]). Since there is ample evidence that p53 function is compromised in HPV-driven tumours, we might expect that HPV-positive tumour cells would display a similarly inflexible metabolic profile to that observed in SCCHN cells with compromised p53 function. On the contrary, we have found that HPV-positive SCCHN cells display greater metabolic diversity than cells in which p53 function is compromised (either through genetic mutation or experimentally by RNAi), indeed comparable to that observed in p53 wild-type cells [15], and by extension require a combinatorial anti-metabolic approach targeting both mitochondrial respiration and glycolysis to be sensitised to the effects of IR. Although unexpected, these results are broadly consistent with the limited published data on metabolism in HPV-positive SCCHN. In a 2014 study examining metabolic protein expression, increased levels of proteins indicative of oxidative phosphorylation and lower levels of extracellular lactate accumulation were observed in both HPV-positive SCCHN resection specimens and an HPV-positive SCCHN cell line relative to HPV-negative SCCHN models [41]. Similarly, a more recent and robust analysis, including RNA sequencing, gene ontology analysis, and extracellular flux analysis, revealed increased expression of glycolytic genes and higher rates of glycolysis and glycolytic capacity in HPV-negative tumours and cell lines respectively, albeit on a background of a globally altered metabolic profile in HPV-negative disease (including elevated mitochondrial respiration) [42]. Unlike the present study, however, neither of these previous studies examined associated pharmacological manipulation specific to HPV-positive SCCHN.



A highly interesting implication of these data is the suggestion that HPV-positive SCCHN cells display evidence of only partial inhibition of p53. It may be the case that E6-mediated inactivation of p53 is incomplete, leaving sufficient functional wild-type p53 to maintain a balanced and diversified metabolic phenotype. If correct, this raises the intriguing prospect of distinguishing between functions of p53 that are sensitive to E6-mediated inactivation from those that are resistant to this. This could have significant implications for the future management of HPV-positive tumours insofar as treatment strategies may be targeted towards the residual p53 function that we have detected. Consistent with this, genome-wide microarray data from a recent study examining radiation response in HPV-positive and HPV-negative SCCHN cell lines suggested that low levels of wild-type p53 remain in HPV-positive cell lines, that this p53 can be activated by exogenous stress such as IR, and that this effect can be overcome by more complete knockdown of p53 using shRNA [43]. However, whilst our findings of p53 stabilisation and activation of p53 reporters in response to genotoxic stress in one HPV-positive SCCHN cell line (VU-SCC-147) are supportive of this notion, this was not observed convincingly in the other HPV-positive cell lines. Moreover, perhaps the most likely explanation for the observed protein levels relates to the fact that VU-SCC-147 cells harbour a TP53 mutation leading to a substitution (L257R) [25], which also renders the mutant transcriptionally inactive for, inter alia, MDM2. p53 L257R would be expected to bind to MDM2 but fail to result in upregulation, leading to a potential failure of the auto-regulatory feedback loop. Additionally, specific mutations in the p53 DNA binding domain have been shown to inhibit E6 binding [44,45], and thus the L257R mutation might similarly lead to protein stabilisation, and may indicate another site in this region that alters binding, either indirectly or directly. Whilst this raises the possibility that naturally occurring p53 variants, related to single nucleotide polymorphisms (SNPs), may impact on E6 binding and subsequent p53 degradation, we suggest this is unlikely to be the case. If SNPs, such as the codon 73 Arg/Pro polymorphism, were responsible for differential binding to, and consequently inactivation of, p53, this would be expected to manifest as differential oncogenicity of HPV in individuals with different haplotypes, something for which no reliable association has been detected to date.



We acknowledge several limitations of the work presented here, principally related to the fact that experiments have been conducted exclusively using homotypic, monolayer cell culture of immortalised cell lines derived from SCCHN tumours. Although such cultured cancer cell lines are the most widely used model systems and have formed the basis for much of our current understanding of cancer biology, the clinical relevance of these models has been questioned [46]. One of the major concerns is that of clonal evolution, whereby cells adapt to the culture environment in vitro as they grow and may develop genetic and phenotypic differences from the original tumour [46]. Genetic and molecular cytogenetic data for SCCHN cells lines in culture, however, has shown a close resemblance to those in the primary tumours [22]. In addition, to counteract clonal evolution as best possible, our experiments were performed with cells at relatively early times after thawing from cryopreserved stocks. Nonetheless, to mitigate against this issue more definitively, future pre-clinical experiments could be conducted using short-term, fresh, primary cell cultures. Isolating and propagating such cell lines from HPV-positive SCCHN tumours, however, has proven notoriously difficult. Indeed, whilst there are now thousands of HPV-positive SCCHN and biopsy specimens available, there are only a handful of documented HPV-related SCCHN cell lines available worldwide and there is currently a scarcity of established cell lines with such characteristics, which raises an important question over the validity of the cell lines that do exist, and specifically those used in this study. Recent comprehensive characterisation of these cell lines, however, has revealed integrated and/or episomal viral DNA that is transcriptionally active providing convincing evidence of a persisting viral oncogenic driver [19,20]. However, until E6/7 manipulation of cells is accomplished there will not be a truly reliable link to HPV and functional studies, and this is part of on-going work by other researchers in our laboratory.



A further potential limitation of the work presented here relates to the specificity of the mechanisms of actions of the metabolic inhibitors used. 2-DG is a stable glucose analogue that is taken up by glucose transporters and phosphorylated. 2-DG, however, cannot be fully metabolised and 2-DG-6-phosphate accumulates in the cell and interferes with glycolysis by inhibiting the glycolytic enzymes phosphoglucose isomerase and hexokinase [30,31]. The general assumption, therefore, is that the biological effects of 2-DG are the consequence of this block in carbohydrate catabolism. This assumption, however, has been challenged and any observed effects of 2-DG may not be simply the result of a catabolic block [47]. Nonetheless, the specificity of 2-DG anti-glycolytic effects in suppressing cellular proliferation and anchorage-independent growth in SCCHN cell lines has been demonstrated previously, with effects reproduced under conditions of glucose deprivation [14]. Furthermore, differential sensitivity to halogenated 2-DG analogues consistent with their underlying chemical structure has been reported, and quantitative, broad-based analysis of changes in intracellular metabolite levels in response to 2-DG revealed time-dependent reductions in lactate production and levels of upstream glycolytic and tricarboxylic acid cycle intermediates [14]. Similarly, whilst metformin has well demonstrated activity against electron transport chain complex I [32], multiple other mechanisms of action have been identified including both AMPK-dependent and independent inhibition of mitochondrial respiration, altered fat metabolism, and direct inhibition of fructose-1,6-bisphosphatase [48].



It is widely acknowledged that there is a need for more selective and personalised therapeutic approaches in the wider field of cancer research, and currently much research effort is focused on this key strategy. Such molecularly targeted therapies, however, have as yet had limited translation into the treatment of SCCHN patients and it remains a major challenge to develop such treatments. Novel therapeutic approaches are generally predicated on a discernible therapeutic index of the chosen agent, either in isolation or in combination with other treatment regimes. In contrast to traditional cytotoxic agents, which largely rely on the inherently more incessant proliferative rate of cancer cells rather than true tumour cell specificity, metabolic targeting can exploit the fact that tumour cells become dependent on particular metabolic pathways, providing a selective therapeutic gain while sparing most normal cells. To this end, the findings presented here proffer the opportunity for a tailored anti-metabolic approach to the treatment of HPV-positive SCCHN, whereby these tumours can be sensitised to IR using a combinatorial anti-metabolic approach targeting both mitochondrial respiration and glycolysis. We believe this targeted radiosensitising approach is particularly attractive given the key role of IR as a treatment modality in HPV-positive disease, either as a primary treatment with or without concurrent chemotherapy or as an adjuvant treatment following surgery [49]. Furthermore, this may provide an attractive platform for treatment de-intensification in carefully selected cases by facilitating IR dose reduction to minimise the impact of treatment on long-term function in this ever-increasing patient group.



As alluded to previously, these findings will require further evaluation in the pre-clinical setting prior to translation into clinical practice but do provide rationale for initiating clinical trials. Although no previous clinical studies have been conducted using 2-DG in SCCHN patients, 2-DG in combination with IR has been evaluated more extensively in patients with cerebral gliomas and has been well tolerated with a relatively minor, predictable, and reversible side-effect profile akin to that of hypoglycaemia (reviewed in [50]). Therefore, this data could be extrapolated to inform dosing schedules and safety profiles in SCCHN patients, potentially obviating the need for phase I/II trials before proceeding to phase II/III trials. Similarly, metformin is commonly used in clinical practice as a first line of treatment for type II diabetes with minimal toxicity. Although more specific mitochondrial inhibitors, such as rotenone and cyanide, are available, their associated toxicity makes them unlikely therapeutic options. Indeed, there has been an ever-increasing interest in re-purposing metformin as a therapeutic agent in the context of cancer treatment [51], an interest which stems from several epidemiological studies demonstrating a lower cancer incidence in diabetic patients taking metformin than in the general diabetic population [52], and retrospective data indicating that metformin users have higher rates of disease control when treated with neoadjuvant chemotherapy for breast cancer [53].








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/cancers13194836/s1, Figure S1: FCCP dose titration for UM-SCC-81B to ensure the reduced mitochondrial reserve was not related to suboptimal FCCP dosing, Figure S2: Original western blots.





Author Contributions


M.D.W.—study conception, design and execution of experiments, data analysis, and writing of manuscript. E.A.A.—design and execution of experiments, and critical revisions to manuscript. A.S.L.—design and execution of experiments, and critical revisions to manuscript. C.P.R.—data analysis, and critical revisions to manuscript. N.V.—study conception, design of experiments, and critical revisions to manuscript. T.M.J.—study conception, design of experiments, and critical revisions to manuscript. M.T.B.—study conception, design of experiments, and critical revisions to manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by Cancer Research UK (PhD Studentship support for MDW); the Royal College of Surgeons of England; the University of Liverpool Northwest Cancer Research Centre; and the Isle of Man Anti-Cancer Association.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


As there are no relevant publicly available data repositories for this work any data is available upon request from the authors.




Acknowledgments


These studies would not have been possible without the generous provision of cell lines by Thomas Carey at the University of Michigan and S. Gollin at the University of Pittsburgh. At the University of Liverpool, we thank Andy Birss and Lakis Liloglou for confirming cell line identification by STR profiling, and Robert Sutton and Jane Armstrong for providing expert assistance with the Seahorse XF24 analyser.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ferlay, J.S.I.; Ervik, M.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.M.; Forman, D.; Bray, F. GLOBOCAN 2012 v1.0, Cancer Incidence and Mortality Worldwide. Available online: http://globocan.iarc.fr (accessed on 1 February 2021).

	



Lewin, F.; Norell, S.E.; Johansson, H.; Gustavsson, P.; Wennerberg, J.; Biörklund, A.; Rutqvist, L.E. Smoking tobacco, oral snuff, and alcohol in the etiology of squamous cell carcinoma of the head and neck: A population-based case-referent study in Sweden. Cancer 1998, 82, 1367–1375. [Google Scholar] [CrossRef] [Scilit]

	



IARC Working Group on the Evaluation of Carcinogenic Risks to Humans. Human papillomaviruses. In IARC Monographs on the Evaluation of Carcinogenic Risks to Humans; IARC (International Agency for Research on Cancer): Lyon, France, 2007; Volume 90, pp. 1–670. [Google Scholar]

	



National Cancer Institute. Surveillance Epidemiology and End Results. Available online: http://seer.cancer.gov/faststats/selections.php-Output (accessed on 1 February 2021).

	



National Cancer Institute Network. Profile of Head and Neck Cancers. Available online: http://library.ncin.org.uk/docs/100504-OCIUHead_and_Neck_Profi-les.pdf (accessed on 1 February 2021).

	



Ramqvist, T.; Dalianis, T. An epidemic of oropharyngeal squamous cell carcinoma (OSCC) due to human papillomavirus (HPV) infection and aspects of treatment and prevention. Anticancer Res. 2011, 31, 1515–1519. [Google Scholar]

	



Mehanna, H.; Beech, T.; Nicholson, T.; El-Hariry, I.; McConkey, C.; Paleri, V.; Roberts, S. Prevalence of human papillomavirus in oropharyngeal and nonoropharyngeal head and neck cancer--systematic review and meta-analysis of trends by time and region. Head Neck 2013, 35, 747–755. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Ang, K.K.; Harris, J.; Wheeler, R.; Weber, R.; Rosenthal, D.I.; Nguyen-Tân, P.F.; Westra, W.H.; Chung, C.H.; Jordan, R.C.; Lu, C.; et al. Human papillomavirus and survival of patients with oropharyngeal cancer. N. Engl. J. Med. 2010, 363, 24–35. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Licitra, L.; Perrone, F.; Bossi, P.; Suardi, S.; Mariani, L.; Artusi, R.; Oggionni, M.; Rossini, C.; Cantù, G.; Squadrelli, M.; et al. High-risk human papillomavirus affects prognosis in patients with surgically treated oropharyngeal squamous cell carcinoma. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. J. Clin. Oncol. 2006, 24, 5630–5636. [Google Scholar] [CrossRef] [Scilit]

	



Mehanna, H.; Olaleye, O.; Licitra, L. Oropharyngeal cancer—Is it time to change management according to human papilloma virus status? Curr. Opin. Otolaryngol. Head Neck Surg. 2012, 20, 120–124. [Google Scholar] [CrossRef] [Scilit]

	



Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [Google Scholar] [CrossRef] [Scilit]

	



Yuneva, M.O.; Fan, T.W.M.; Allen, T.D.; Higashi, R.M.; Ferraris, D.V.; Tsukamoto, T.; Matés, J.M.; Alonso, F.J.; Wang, C.; Seo, Y.; et al. The metabolic profile of tumors depends on both the responsible genetic lesion and tissue type. Cell Metab. 2012, 15, 157–170. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Sandulache, V.C.; Skinner, H.D.; Ow, T.J.; Zhang, A.; Xia, X.; Luchak, J.M.; Wong, L.C.; Pickering, C.R.; Zhou, G.; Myers, J.N. Individualizing antimetabolic treatment strategies for head and neck squamous cell carcinoma based on TP53 mutational status. Cancer 2012, 118, 711–721. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Sandulache, V.C.; Ow, T.J.; Pickering, C.R.; Frederick, M.J.; Zhou, G.; Fokt, I.; Davis-Malesevich, M.; Priebe, W.; Myers, J.N. Glucose, not glutamine, is the dominant energy source required for proliferation and survival of head and neck squamous carcinoma cells. Cancer 2011, 117, 2926–2938. [Google Scholar] [CrossRef] [Scilit]

	



Wilkie, M.D.; Anaam, E.A.; Lau, A.S.; Rubbi, C.P.; Jones, T.M.; Boyd, M.T.; Vlatković, N. TP53 mutations in head and neck cancer cells determine the Warburg phenotypic switch creating metabolic vulnerabilities and therapeutic opportunities for stratified therapies. Cancer Lett. 2020, 478, 107–121. [Google Scholar] [CrossRef] [Scilit]

	



Cancer Genome Atlas Network. Comprehensive genomic characterization of head and neck squamous cell carcinomas. Nature 2015, 517, 576–582. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Miller, D.L.; Puricelli, M.D.; Stack, M.S. Virology and molecular pathogenesis of HPV (human papillomavirus)-associated oropharyngeal squamous cell carcinoma. Biochem. J. 2012, 443, 339–353. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Scheffner, M.; Werness, B.A.; Huibregtse, J.M.; Levine, A.J.; Howley, P.M. The E6 oncoprotein encoded by human papillomavirus types 16 and 18 promotes the degradation of p53. Cell 1990, 63, 1129–1136. [Google Scholar] [CrossRef] [Scilit]

	



Olthof, N.C.; Huebbers, C.U.; Kolligs, J.; Henfling, M.; Ramaekers, F.C.S.; Cornet, I.; van Lent-Albrechts, J.A.; Stegmann, A.P.A.; Silling, S.; Wieland, U.; et al. Viral load, gene expression and mapping of viral integration sites in HPV16-associated HNSCC cell lines. Int. J. Cancer 2015, 136, E207–E218. [Google Scholar] [CrossRef] [Scilit]

	



Greaney-Davies, F.S.T.; Risk, J.M.; Robinson, M.; Liloglou, T.; Shaw, R.J.; Schache, A.G. Essential characterisation of human papillomavirus positive head and neck cancer cell lines. Oral. Oncol. 2020, 103, 104613. [Google Scholar] [CrossRef] [Scilit]

	



Bradford, C.R.; Zhu, S.; Ogawa, H.; Ogawa, T.; Ubell, M.; Narayan, A.; Johnson, G.; Wolf, G.T.; Fisher, S.G.; Carey, T.E. p53 mutation correlates with cisplatin sensitivity in head and neck squamous cell carcinoma lines. Head Neck 2003, 25, 654–661. [Google Scholar] [CrossRef] [Scilit]

	



Lin, C.J.; Grandis, J.R.; Carey, T.E.; Gollin, S.M.; Whiteside, T.L.; Koch, W.M.; Ferris, R.L.; Lai, S.Y. Head and neck squamous cell carcinoma cell lines: Established models and rationale for selection. Head Neck 2007, 29, 163–188. [Google Scholar] [CrossRef] [Scilit]

	



Tang, A.L.; Hauff, S.J.; Owen, J.H.; Graham, M.P.; Czerwinski, M.J.; Je Park, J.; Walline, H.; Papagerakis, S.; Stoerker, J.; McHugh, J.B.; et al. UM-SCC-104: A new human papillomavirus-16-positive cancer stem cell-containing head and neck squamous cell carcinoma cell line. Head Neck 2012, 34, 1480–1491. [Google Scholar] [CrossRef] [Scilit]

	



White, J.S.; Weissfeld, J.L.; Ragin, C.C.R.; Rossie, K.M.; Martin, C.L.; Shuster, M.; Ishwad, C.S.; Law, J.C.; Myers, E.N.; Johnson, J.T.; et al. The influence of clinical and demographic risk factors on the establishment of head and neck squamous cell carcinoma cell lines. Oral. Oncol. 2007, 43, 701–712. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Steenbergen, R.D.; Hermsen, M.A.; Walboomers, J.M.; Joenje, H.; Arwert, F.; Meijer, C.J.; Snijders, P.J. Integrated human papillomavirus type 16 and loss of heterozygosity at 11q22 and 18q21 in an oral carcinoma and its derivative cell line. Cancer Res. 1995, 55, 5465–5471. [Google Scholar]

	



Brady, M.; Vlatkovic, N.; Boyd, M.T. Regulation of p53 and MDM2 activity by MTBP. Mol. Cell. Biol. 2005, 25, 545–553. [Google Scholar] [CrossRef] [Scilit]

	



Franken, N.A.; Rodermond, H.M.; Stap, J.; Haveman, J.; van Bree, C. Clonogenic assay of cells in vitro. Nat. Protoc. 2006, 1, 2315–2319. [Google Scholar] [CrossRef] [Scilit]

	



Nair, T.S.; Thomas, T.B.; Yang, L.; Kakaraparthi, B.N.; Morris, A.C.; Clark, A.M.; Campredon, L.P.; Brouwer, A.F.; Eisenberg, M.C.; Meza, R.; et al. Characteristics of head and neck squamous cell carcinoma cell Lines reflect human tumor biology independent of primary etiologies and HPV status. Transl. Oncol. 2020, 13, 100808. [Google Scholar] [CrossRef] [Scilit]

	



Bullenkamp, J.; Raulf, N.; Ayaz, B.; Walczak, H.; Kulms, D.; Odell, E.; Thavaraj, S.; Tavassoli, M. Bortezomib sensitises TRAIL-resistant HPV-positive head and neck cancer cells to TRAIL through a caspase-dependent, E6-independent mechanism. Cell Death Dis. 2014, 5, e1489. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Wick, A.N.; Drury, D.R.; Nakada, H.I.; Wolfe, J.B. Localization of the primary metabolic block produced by 2-deoxyglucose. J. Biol. Chem. 1957, 224, 963–969. [Google Scholar] [CrossRef] [Scilit]

	



Chen, W.; Gueron, M. The inhibition of bovine heart hexokinase by 2-deoxy-D-glucose-6-phosphate: Characterization by 31P NMR and metabolic implications. Biochimie 1992, 74, 867–873. [Google Scholar] [CrossRef] [Scilit]

	



El-Mir, M.Y.; Nogueira, V.; Fontaine, E.; Avéret, N.; Rigoulet, M.; Leverve, X. Dimethylbiguanide inhibits cell respiration via an indirect effect targeted on the respiratory chain complex I. J. Biol. Chem. 2000, 275, 223–228. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Levine, A.J.; Puzio-Kuter, A.M. The control of the metabolic switch in cancers by oncogenes and tumor suppressor genes. Science 2010, 330, 1340–1344. [Google Scholar] [CrossRef] [Scilit]

	



Galluzzi, L.; Kepp, O.; Vander Heiden, M.G.; Kroemer, G. Metabolic targets for cancer therapy. Nat. Rev. Drug Discov. 2013, 12, 829–846. [Google Scholar] [CrossRef] [Scilit]

	



De Berardinis, R.J.; Mancuso, A.; Daikhin, E.; Nissim, I.; Yudkoff, M.; Wehrli, S.; Thompson, C.B. Beyond aerobic glycolysis: Transformed cells can engage in glutamine metabolism that exceeds the requirement for protein and nucleotide synthesis. Proc. Natl. Acad. Sci. USA 2007, 104, 19345–19350. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Reitzer, L.J.; Wice, B.M.; Kennell, D. Evidence that glutamine, not sugar, is the major energy source for cultured HeLa cells. J. Biol. Chem. 1979, 254, 2669–2676. [Google Scholar] [CrossRef] [Scilit]

	



Bonuccelli, G.; Tsirigos, A.; Whitaker-Menezes, D.; Pavlides, S.; Pestell, R.G.; Chiavarina, B.; Frank, P.G.; Flomenberg, N.; Howell, A.; Martinez-Outschoorn, U.E.; et al. Ketones and lactate “fuel” tumor growth and metastasis: Evidence that epithelial cancer cells use oxidative mitochondrial metabolism. Cell Cycle 2010, 9, 3506–3514. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Jitschin, R.; Hofmann, A.D.; Bruns, H.; Giessl, A.; Bricks, J.; Berger, J.; Saul, D.; Eckart, M.J.; Mackensen, A.; Mougiakakos, D. Mitochondrial metabolism contributes to oxidative stress and reveals therapeutic targets in chronic lymphocytic leukemia. Blood 2014, 123, 2663–2672. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Wilkie, M.D.; Lau, A.S.; Vlatkovic, N.; Jones, T.M.; Boyd, M.T. Metabolic signature of squamous cell carcinoma of the head and neck: Consequences of TP53 mutation and therapeutic perspectives. Oral. Oncol. 2018, 83, 1–10. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Huibregtse, J.M.; Scheffner, M.; Howley, P.M. A cellular protein mediates association of p53 with the E6 oncoprotein of human papillomavirus types 16 or 18. EMBO J. 1991, 10, 4129–4135. [Google Scholar] [CrossRef] [Scilit]

	



Krupar, R.; Robold, K.; Gaag, D.; Spanier, G.; Kreutz, M.; Renner, K.; Hellerbrand, C.; Hofstaedter, F.; Bosserhoff, A.K. Immunologic and metabolic characteristics of HPV-negative and HPV-positive head and neck squamous cell carcinomas are strikingly different. Virchows Arch. 2014, 465, 299–312. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Fleming, J.C.; Woo, J.; Moutasim, K.; Mellone, M.; Frampton, S.J.; Mead, A.; Ahmed, W.; Wood, O.; Robinson, H.; Ward, M.; et al. HPV, tumour metabolism and novel target identification in head and neck squamous cell carcinoma. Br. J. Cancer 2019, 120, 356–367. [Google Scholar] [CrossRef] [Scilit]

	



Kimple, R.J.; Smith, M.A.; Blitzer, G.C.; Torres, A.D.; Martin, J.A.; Yang, R.Z.; Peet, C.R.; Lorenz, L.D.; Nickel, K.P.; Klingelhutz, A.J.; et al. Enhanced radiation sensitivity in HPV-positive head and neck cancer. Cancer Res. 2013, 73, 4791–4800. [Google Scholar] [CrossRef] [Scilit]

	



Bernard, X.; Robinson, P.; Nomine, Y.; Masson, M.; Charbonnier, S.; Ramirez-Ramos, J.R.; Deryckere, F.; Trave, G.; Orfanoudakis, G. Proteasomal Degradation of p53 by Human Papillomavirus E6 Oncoprotein Relies on the Structural Integrity of p53 Core Domain. PLoS ONE 2011, 6, e25981. [Google Scholar] [CrossRef] [Scilit]

	



Martinez-Zapien, D.; Ruiz, F.X.; Poirson, J.; Mitschler, A.; Ramirez, J.; Forster, A.; Cousido-Siah, A.; Masson, M.; Pol, S.V.; Podjarny, A.; et al. Structure of the E6/E6AP/p53 complex required for HPV-mediated degradation of p53. Nature 2016, 529, 541–545. [Google Scholar] [CrossRef] [Scilit]

	



Gillet, J.P.; Varma, S.; Gottesman, M.M. The clinical relevance of cancer cell lines. J. Natl. Cancer Inst. 2013, 105, 452–458. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Ralser, M.; Wamelink, M.M.; Struys, E.A.; Joppich, C.; Krobitsch, S.; Jakobs, C.; Lehrach, H. A catabolic block does not sufficiently explain how 2-deoxy-D-glucose inhibits cell growth. Proc. Natl. Acad. Sci. USA 2008, 105, 17807–17811. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Rena, G.; Hardie, D.G.; Pearson, E.R. The mechanisms of action of metformin. Diabetologia 2017, 60, 1577–1585. [Google Scholar] [CrossRef] [Scilit]

	



Mehanna, H.; Evans, M.; Beasley, M.; Chatterjee, S.; Dilkes, M.; Homer, J.; O’Hara, J.; Robinson, M.; Shaw, R.; Sloan, P. Oropharyngeal cancer: United Kingdom National Multidisciplinary Guidelines. J. Laryngol. Otol. 2016, 130, S90–S96. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Dwarakanath, B.S.; Singh, D.; Banerji, A.K.; Sarin, R.; Venkataramana, N.K.; Jalali, R.; Vishwanath, P.N.; Mohanti, B.K.; Tripathi, R.P.; Kalia, V.K.; et al. Clinical studies for improving radiotherapy with 2-deoxy-D-glucose: Present status and future prospects. J. Cancer Res. Ther. 2009, 5 (Suppl. 1), S21–S26. [Google Scholar] [CrossRef] [Scilit]

	



Pollak, M.N. Investigating metformin for cancer prevention and treatment: The end of the beginning. Cancer Discov. 2012, 2, 778–790. [Google Scholar] [CrossRef] [Scilit]

	



Noto, H.; Goto, A.; Tsujimoto, T.; Noda, M. Cancer risk in diabetic patients treated with metformin: A systematic review and meta-analysis. PLoS ONE 2012, 7, e33411. [Google Scholar] [CrossRef] [Scilit]

	



Jiralerspong, S.; Palla, S.L.; Giordano, S.H.; Meric-Bernstam, F.; Liedtke, C.; Barnett, C.M.; Hsu, L.; Hung, M.C.; Hortobagyi, G.N.; Gonzalez-Angulo, A.M. Metformin and pathologic complete responses to neoadjuvant chemotherapy in diabetic patients with breast cancer. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2009, 27, 3297–3302. [Google Scholar] [CrossRef] [Scilit]








[image: Cancers 13 04836 g001] 





Figure 1. Metabolic profiling in HPV-positive SCCHN cell lines and for comparison, a typical TP53 mutant HPV-negative line (UM-SCC-81B). Cells were subjected to mitochondrial and glycolytic stress tests (panels (A,B) respectively). During mitochondrial stress tests, oligomycin 1.25 μM (point A), FCCP 1.5 μM (point B), and rotenone and antimycin-A 1 μM (point C) were sequentially injected, and OCR (pmol/min) measured. During glycolytic stress tests, glucose 10 mM (point A), oligomycin 1.25 μM (point B), and 2-DG 50 mM (point C) were sequentially injected, and ECAR (mpH/min) measured. Data is presented as percentage increases or decreases in OCR and ECAR relative to baseline measurements. The baseline is shown as the black line on the graphs. HPV-positive SCCHN cell lines maintained marked spare respiratory capacities and glycolytic reserves, in contrast to UM-SCC-81B, which exhibited reduced spare respiratory capacity and reduced glycolytic reserved (contrast arrows labelled 1 and 2). Error bars represent standard error of the mean (SEM). 
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Figure 2. Quantitative OCR and ECAR data, normalised to DNA content for HPV-positive SCCHN cell lines and for comparison, a typical TP53 mutant HPV-negative line (UM-SCC-81B). As stated in the methods, statistical comparison of absolute values for metabolic parameters was performed for the HPV-positive cell lines grouped together and compared with the TP53 mutant HPV-negative cell line. (A) displays data from mitochondrial stress tests with statistical analysis as follows: basal respiration * p = 0.036; maximal respiration * p = 0.008; spare respiratory capacity * p < 0.001; ATP-linked respiration p = non-significant. (B) displays data from glycolytic stress tests with statistical analysis as follows: basal glycolysis * p = 0.012; glycolytic capacity * p = 0.022; glycolytic reserve * p < 0.001. (C) Plot of relative basal utilisation of mitochondrial respiration and glycolysis. Normalised basal values from glycolytic and mitochondrial stress tests for all cell lines plotted against each other. There is clear grouping of the HPV-positive SCCHN cell lines and the mutant TP53 cell line, with the former displaying high levels of mitochondrial respiration relative to glycolysis and the latter the opposite. Blue diamonds represent HPV-positive SCCHN cell lines and the red diamond represents the mutant TP53 cell line. The green and orange shaded areas represent the respective distributions of mutant TP53 and wild-type SCCHN cell lines as we have demonstrated previously [15]. For all panels error bars represent SEM for each measurement. 
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Figure 3. Expression levels of p53 and reporters of p53 function in HPV-positive SCCHN cell lines and for comparison, an endogenously p53-null SCCHN cell line. Western blotting revealed VU-SCC-147 to express p53 under basal conditions, but not so in the cases of UM-SCC-104 and UPCI:SCC 154. As VU-SCC-147 was observed to express high levels of p53 both high and low exposure blots are shown for clarity. Exposure to p53-activating genotoxic stress (6Gy IR [denoted by +]) also induced p53 stabilisation and activation of p53 reporters (specifically Phospho-p53 [Ser15]) in VU-SCC-147. Again, this was not demonstrated convincingly for UM-SCC-104 and UPCI:SCC 154. UM-SCC-1, a SCCHN cell line known to be endogenously p53 null, was included for comparison. 
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Figure 4. Clonogenic survival data for HPV-positive SCCHN cell lines and for comparison, a typical TP53 mutant HPV-negative line (UM-SCC-81B). A stated in the methods, clonogenic assays were performed on the indicated SCCHN cell lines exposed to the indicated doses of IR. Cells were either left untreated or pre-treated with 25 mM 2-DG, 20 mM metformin (met), or combined treatment for one hour prior to irradiation. (A) displays clonogenic survival curves for each of the SCCHN cell lines and (B) the survival fractions at 2 Gy for each indicated treatment condition. Whilst 2-DG or metformin alone failed to have any significant effect on radiation response in any of the HPV-positive cell lines, the combination of 2-DG and metformin resulted in a significant reduction in clonogenic survival (in the case of the HPV-positive cell lines p-values represent the difference between the survival curves for the untreated condition and when combined pre-treatment with 2-DG and metformin was administered). In contrast, the addition of 2-DG alone consistently potentiated the effects of IR in UM-SCC-81B cells, while the addition of metformin has no discernible effect on clonogenic survival (the p-value in this case represents the difference between the survival curves for the untreated condition and when pre-treatment with 2-DG alone was administered). The results shown represent the mean values obtained from at least three separate experiments and error bars represent the SEMs. * p < 0.05, ** p < 0.005. (C) depicts representative example images of colony formation at 2 Gy for each treatment condition (a = IR alone; b = IR +2-DG; c = IR + 2-DG + Metformin; d = IR + Metformin) for the indicated cell lines. 






Figure 4. Clonogenic survival data for HPV-positive SCCHN cell lines and for comparison, a typical TP53 mutant HPV-negative line (UM-SCC-81B). A stated in the methods, clonogenic assays were performed on the indicated SCCHN cell lines exposed to the indicated doses of IR. Cells were either left untreated or pre-treated with 25 mM 2-DG, 20 mM metformin (met), or combined treatment for one hour prior to irradiation. (A) displays clonogenic survival curves for each of the SCCHN cell lines and (B) the survival fractions at 2 Gy for each indicated treatment condition. Whilst 2-DG or metformin alone failed to have any significant effect on radiation response in any of the HPV-positive cell lines, the combination of 2-DG and metformin resulted in a significant reduction in clonogenic survival (in the case of the HPV-positive cell lines p-values represent the difference between the survival curves for the untreated condition and when combined pre-treatment with 2-DG and metformin was administered). In contrast, the addition of 2-DG alone consistently potentiated the effects of IR in UM-SCC-81B cells, while the addition of metformin has no discernible effect on clonogenic survival (the p-value in this case represents the difference between the survival curves for the untreated condition and when pre-treatment with 2-DG alone was administered). The results shown represent the mean values obtained from at least three separate experiments and error bars represent the SEMs. * p < 0.05, ** p < 0.005. (C) depicts representative example images of colony formation at 2 Gy for each treatment condition (a = IR alone; b = IR +2-DG; c = IR + 2-DG + Metformin; d = IR + Metformin) for the indicated cell lines.



[image: Cancers 13 04836 g004]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).



























nav.xhtml


  cancers-13-04836


  
    		
      cancers-13-04836
    


  




  





media/file2.png
OCR %

UM-SCC-104 UM-SCC-104
A ] L A E C
200 ,}\ RN 175 E"‘}‘\I\
1.-'/#/ \E& ____,..--.--'H \
Y
/ \ 125 1
150 / \ < . . . X . ) X . *\ )
I S = - ' ' 1\
100 * M v - \ M M 7 M M M S 75
[
\\ ’fl \.\\
50 i“‘—+“ \I i 25 F—3 E 3 £3 X
0 -25
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70
Time (Minutes) Time (Minutes)
UPCI:SCC154 UPCI:SCC154
175 - iy iig ——s
‘i 7 \.\
\ 120 177
= + - - - S 100 * * * * * = * d ‘\
o 0 0 S NN Y e ) ) ) ) i ) ) ) \
3 \ S 80 \
\ °0 \
g —3 40
-25 0
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70
Time (Minutes) Time (Minutes)
VU-SCC-147 VU-SCC-147
A B C 160 A B AN C
175 /
—1 140 A \I\\i
Y J
_ 125 T \ < 120
E: — el . - . + + — . % 100 * + + + + J}““-ﬁ—: - + + * :
S 75 \ 5 80 \
\ 60 /
25 ] \ - 40 ;’#
20 S ————s
-25 0
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70
Time (Minutes) Time (Minutes)
UM-SCC-81B UM-5CC-81B
135 A B L 115 A B C
. . . . - . . I
115 __—-I—___I . - + * - * . -
» - # ¥ ,.f—-".fjr/z - - - - 7 #___,-v-""”;’ \i
95 7 / \ s 79 2 \
=X ?5| ("’ S
= / ~ 55
& 55 , S
2 35 |/ 2 35
15 157 g —
-5 -5
-25 -25
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60
Time (Minutes)

Time (Minutes)





media/file3.jpg





media/file1.jpg





media/file7.jpg
Vinculn

] vecn
R

g

Phosphops3
oo [T "

s
R, m— | TeEEETE=a]
L B e it





media/file10.png
Surviving Fraction

Surviving Fraction

0.1

0.01

0.001

0.0001

4

p=0.011

0.00001 T . .
0Gy 2Gy 4Gy

6Gy

0.1

0.01

0.001

p=0.012

0.0001 T T
0Gy 2Gy

UM-SCC-104

===UMSCC-104 IR Only
=+=UMSCC-104 IR + 2DG
==UMSCC-104 IR + 2DG + Met
=+==UMSCC-104 IR + Met

=a— VU-5CC-147 IR Only

== VU-SCC-147 IR + 2DG

=== VU-SCC-147 IR + 2DG + Met
= VU-SCC-147 IR + Met

UPCI:SCC154

UM-SCC-104
(HPV +ve)

UM-SCC-81B
(HPV -ve TP53 mutant)

Surviving Fraction

0

Surviving Fraction

1
01
0.01 ——UPCL:SCC 154 IR Only
==1JPCI:SCC 154 IR+ 2DG
0.001 ——UPCI:SCC 154 IR + 2DG + Met
——UPCI:SCC 154 IR + Met
0.0001
p=0018 1
00001 : .
0Gy 2Gy 4Gy 6Gy
1
0.1
—— UMSCC-81B IR Only
—— UMSCC-81B IR + 2DG
—— UMSCC-81B IR + Met
0.01 i —— UMSCC-81B IR + 2DG + Met
p=0.008
0.001 : . .
oGy 2Gy 4Gy 6Gy
VU-SCC-147 UM-SCC-81B

HIR Only

HIR +2DG

BIR + Met

HIR +2DG + Met

B = 0.005






media/file5.png
a418-205-Wn

L¥T-205-NA

FSTIIS10dN

FOT-205-WN

ATP-Linked Respiration

W i =+ o™ ™l — =

(vNa 3u/unu /jowd) 430

2

g 418-205-WN
(=N

3

< LPT-D05-NA
g

m. FSTII08:10dN
=

= POT-D0S-WN
&

= =+ oM N o = -

(¥Na Fu/urm/jowmd) 420

a418-205-WN

LFT-DD05-NA

FETIII50dN

Maximal Respiration

FOT-2I5-WN

% N 0D W oo W N o
Lo I I |

(vNa 3u/unu /jowd) 420

a418-235-WN

L¥T-205-NA

FSTIISDdN

Basal Respiration

FOT-205-WN

[ T o N~ E o I o T o B o B =

(vNa 8u/unu/jowd) ¥20

Glycolytic Capacity Glycolytic Reserve

Basal Glycolysis

A18-205-WN
LY T-228-NA
FSTIISH2dN
FOT-DI2S-WN
eI T B B T < B < R
s °3°s3°3 &=«
(vNa Ju/mwm/gdw) yyoa
A18-20S8-WN
L¥T-DI2SNA
¥STIIS:10dN
FOT-DIS-WN
4 o A e % o O
= = = =] =] =]
(vNa Bu/mwm/gdw) yyoa
A18-225-WN
LYFT-DISNA
¥STI22S:10dN
FOT-2IS-WN
= N o= ®W 8 % N O
i - = =2 = =

(vNa Fu/mwm/ gdw) yyoa





media/file9.jpg





media/file4.jpg
Basal OCR (pmol/min/ng DNA)

RIS
s

sty
v ove)
omsccion
()
d
02 04 06 08 1 12 14

Basal ECAR (mpH/min/ng DNA)

16





media/file8.png
130 KD

GEED GNER GEED GEED GRS GEEn assn G
100 KD
100 KD —I pr I
75 KD
Low exposure 50 KD _| -. | ‘

High exposure 50 KD _|

4

25I(D-| —1

IR

-+ -+ -+ - 4

UMSCC-1  UMSCC-104

UPCI:SCC154 VU-5CC-147

Vinculin

~ p53

130 KD -

100 KD

50 KD -

37 KD -

25 KD
IR

-+ -+ -+ -+

UMSCC-1

UMSCC-104 UPCI:SCC154 VU-SCC-147

Vinculin

Phospho-p53
(Ser15)

TIGAR





media/file6.png
Basal OCR (pmol/min/ng DNA)

UPCI:SCC154
(HPV +ve)
VU-SCC-147
(HPV +ve)
UM-SCC-104
(HPV +ve)
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Basal ECAR (mpH/min/ng DNA)





