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A critical risk factor for head and neck squamous cell carcinoma (HNSCC), particularly of the oropharynx, and the response to radiotherapy is human papillomavirus (HPV) type-16/18 infection. Specifically, HPV-positive HNSCC display increased radiosensitivity and improved outcomes, which has been linked with defective signalling and repair of DNA double-strand breaks (DSBs). This differential response to radiotherapy has been recapitulated in vitro using cell lines, although studies utilising appropriate 3D models that are more reflective of the original tumour are scarce. Furthermore, strategies to enhance the sensitivity of relatively radioresistant HPV-negative HNSCC to radiotherapy are still required. We have analysed the comparative response of in vitro 3D spheroid models of oropharyngeal squamous cell carcinoma to x-ray (photon) irradiation and provide further evidence that HPV-positive cells, in this case now grown as spheroids, show greater inherent radiosensitivity compared to HPV-negative spheroids due to defective DSB repair. We subsequently analysed these and an expanded number of spheroid models, with a particular focus on relatively radioresistant HPV-negative HNSCC, for impact of poly(ADP-ribose) polymerase (PARP) inhibitors (olaparib and talazoparib) in significantly inhibiting spheroid growth in response to photons but also proton beam therapy. We demonstrate that in general, PARP inhibition can further radiosensitise particularly HPV-negative HNSCC spheroids to photons and protons leading to significant growth suppression. The degree of enhanced radiosensitivity was observed to be dependent on the model and on the tumour site (oropharynx, larynx, salivary gland, or hypopharynx) from which the cells were derived. We also provide evidence suggesting that PARP inhibitor effectiveness relates to homologous recombination repair proficiency. Interestingly though, we observed significantly enhanced effectiveness of talazoparib versus olaparib specifically in response to proton irradiation. Nevertheless, our data generally support that PARP inhibition in combination with radiotherapy (photons and protons) should be considered further as an effective treatment for HNSCC, particularly for relatively radioresistant HPV-negative tumours.
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Introduction

A worldwide incidence of ~800,000 cases each year of head and neck squamous cell carcinoma (HNSCC) has been reported (1), with regional and local recurrence plus distant metastasis predominantly causing ~60% of the mortality rates. The major risk factors of this disease comprise excessive alcohol consumption, smoking, and human papillomavirus (HPV) type-16/18 infection, the latter of which accounts for ~60% of oropharyngeal squamous cell carcinoma (OPSCC) (2–4). Furthermore, HPV-positive OPSCC patients display a better clinical prognosis and survival rates compared to HPV-negative OPSCC through an enhanced response to radiotherapy and chemotherapy (5–8). Recent in vitro studies have recapitulated the enhanced radiosensitivity of HPV-positive OPSCC cell lines grown as monolayers in comparison to the respective HPV-negative cell models (9–12). Furthermore, and given that the therapeutic effect of radiotherapy (ionising radiation; IR) is achieved through the generation of DNA damage, there is collective evidence in these and other studies to suggest that the inherent increased radiosensitivity of HPV-positive OPSCC is caused by defects in the cellular DNA damage response (DDR) (13). Specifically, it has been shown that there is delayed repair of DNA double-strand breaks (DSBs), measured directly but also using surrogate markers such as γH2AX and 53BP1, in response to photon irradiation in HPV-positive OPSCC cells. The precise impact of HPV infection on DSB repair proficiency is still unclear though, as both reduced expression and activities of enzymes involved in both homologous recombination (HR) and non-homologous end joining (NHEJ), the two major DNA DSB repair pathways, have been shown (9, 10). Nevertheless, it is apparent that the DDR plays a critical role in determining the radiosensitivity of HNSCC cell lines in vitro. Importantly however, the utilisation of 3D models of HNSCC (such as spheroids and patient-derived organoids) that more accurately reflect the structure and environment of the original tumour and their response to IR mediated via the DDR is less well known.

Poly (ADP-ribose) polymerases (PARPs) are a family of 17 enzymes that predominantly play an essential role in post-translational modification of target proteins through attachment of ADP-ribose units using NAD+ as a substrate (14). Only three PARPs (specifically PARP1, PARP2, and PARP3) are mainly engaged in the DDR, where they play immediate roles in DNA strand break binding and aid in the processes of base excision repair (BER) and DSB repair by HR and NHEJ (15). PARP inhibition has proven to be an effective strategy for the killing of BRCA-deficient tumour cells through a process known as synthetic lethality (16, 17). This takes advantage of the inability of these cells to process DSBs through HR, and through the action of inhibiting PARPs involved in the repair of DNA single-strand breaks, this leads to accumulation of replication-induced and toxic DSBs. An increasing number of studies have suggested that PARP inhibition, using predominantly either veliparib or olaparib, leads to the accumulation of DSBs and enhanced radiosensitivity of both HPV-positive and HPV-negative HNSCC cells [reviewed in 18)]. However, there is conflicting evidence to suggest whether DSB repair-defective HPV-positive HNSCC cells are more effectively sensitised by PARP inhibition to IR. Also comparatively, the sensitivity of relatively radioresistant HPV-negative HNSCC cells appears largely responsive to PARP inhibitors even though these are deemed DSB repair proficient. A notable point is that the effectiveness of radiosensitisation by PARP inhibitors may relate to their catalytic inhibition (IC50), PARP trapping potency (retaining PARP protein on the DNA strand break site), or the combination of both (19, 20). To this effect, it is known that veliparib is a relatively weak PARP trapper whereas increasing trapping ability is observed with olaparib, but more so talazoparib is deemed a strong PARP trapper (21, 22). However, the comparative ability of different PARP inhibitors to radiosensitise HNSCC cells and 3D spheroid models has not been studied in detail.

In this study, we have developed 3D spheroid models of HPV-positive and HPV-negative OPSCC and analysed their growth in response to x-rays (photons) but also proton irradiation. We demonstrate that HPV-positive OPSCC grown as 3D spheroids are more radiosensitive, compared with HPV-negative OPSCC spheroids and that this correlates with slower rates of DSB repair. Subsequently, we show that radiosensitivity of OPSCC spheroids can be increased by PARP inhibition (olaparib and talazoparib), particularly within a larger number of relatively radioresistant HPV-negative HNSCC spheroids, and that this is evident in response to both x-rays and protons. Given that 3D spheroid models act as more representative models of the original patient tumour, this research suggests that PARP inhibition in combination with radiotherapy should be investigated further as an effective combinatorial treatment for HNSCC and particularly for HPV-negative disease.



Methods and materials


Cell lines and culture conditions

HPV-positive OPSCC cells (UPCI-SCC090 and UPCI-SCC154) were kindly provided by Dr. S. Gollin, University of Pittsburgh. HPV-negative OPSCC cells (UMSCC6, UMSCC74A) and those from the larynx (UMSCC11B, UMSCC17A) were kindly provided by Prof. T. Carey, University of Michigan, USA. HPV-negative HNSCC cells from the salivary gland (A253) and hypopharynx (Detroit 562, FaDu) originated from ATCC (Teddington, UK). All cells, apart from UPCI-SCC090, UPCI-SCC154, Detroit 562, and FaDu [which were cultured in Minimal Essential Medium (MEM)], were routinely cultured as monolayers in Dulbecco’s Modified Eagle Medium (DMEM) with 10% foetal bovine serum, 1× non-essential amino acid, 2 mM L-glutamine, and 1× penicillin–streptomycin. All cell lines were maintained and incubated in 5% CO2 at 37°C and were authenticated in our laboratory by STR profiling.



Spheroid growth assay

Cells were seeded at 500–1,000 cells/well in triplicate in 100 µl Advanced MEM (Life Technologies, Paisley, UK) containing 1% B27 supplement, 0.5% N2 supplement, 2 mM L-glutamine, 1× penicillin–streptomycin, 5 µg/ml heparin, 20 ng/µl epithermal growth factor (EGF), and 10 ng/µl fibroblast growth factor (FGF) in 96-well ultra-low attachment plates (Corning B.V. Life Sciences, Amsterdam, The Netherlands). After 24 h, the PARP inhibitors olaparib (AZD2281; Selleckchem, Munich, Germany) and talazoparib (BMN673; AbMole BioScience, Brussels, Belgium) were added to a concentration of 0.1 µM to the spheroids. After another 24 h at which the spheroids were ~200 µm in size, they were subsequently irradiated using a CellRad x-ray irradiator (Faxitron Bioptics, Tucson, USA) at a dose rate of ~3 Gy/min, or alternatively with a passive scattered horizontal proton beam line of 60 MeV maximal energy at a dose rate of ~5 Gy/min as previously described (23, 24). Higher doses of protons versus photons were comparatively used due to positioning of spheroids at the entrance dose of a pristine (unmodulated) beam (~1 keV/µm). Immediately following irradiation, 50 µl culture media was removed and replaced by 50 µl fresh media (without inhibitor). The growth of spheroids was monitored up to 15 days post-seeding by image capture using the EVOS M5000 Imaging System (Life Technologies, Paisley, UK). The diameter (d) of the spheroids was measured by using ImageJ which was converted into spheroid volume (V) by using the formula V = 4/3 × π(d/2)3.



Spheroid neutral comet assays

Spheroids were irradiated 48 h post-seeding with 4 Gy x-rays and harvested at various time points (0–240 min) post-IR. Spheroids (~10 per time point) were collected and centrifuged (1,000 × g for 10 min at 4°C), the supernatant was removed, and spheroids were washed with PBS. Spheroids were re-centrifuged and resuspended in 1× trypsin-EDTA for ~2 min at 37°C until single cells were generated, and diluted to ~1 × 105 cells/ml using cell culture media. The neutral comet assay was then used for measurement of the levels of DSBs, similar to that previously described (9). In brief, the cell suspension (20 µl) was mixed with 80 µl 1% low melting point agarose (Bio-Rad, Hemel Hempstead, UK) in PBS (molten and kept at 35°C) and embedded on a microscope slide precoated with 1% normal melting point agarose that had allowed to dry overnight. A 22 × 22 mm coverslip was added and the slide placed on ice to allow the agarose to set. Cell lysis was then performed by removing the coverslips and adding the slides to staining jars containing fresh cold lysis buffer (2.5 M NaCl, 100 mM EDTA disodium salt, 10 mM Tris base, 1% N-lauroylsarcosine, 1% DMSO, and 1% (v/v) Triton X-100; pH 9.5) and kept for at least 1 h at 4°C. Slides were then transferred to a dark comet assay tank (Appleton Woods, Birmingham, UK) and covered with fresh cold electrophoresis buffer containing 1× TBE (90 mM Tris–borate, 2 mM EDTA, pH 8.3) to allow the DNA to unwind. Electrophoresis was then performed at 25 V, ~15 mA for 25 min. Slides were removed from the comet assay tank and washed three times with 1× PBS (5 min each each) before being allowed to air dry overnight. Slides were rehydrated in dH2O (pH 8.0) for 30 min, the DNA was stained with SYBR Gold (Life Technologies, Paisley, UK) diluted 1:20,000 in dH2O (pH 8.0) for 30 min, and then slides were left to air dry again overnight. Comets were visualised using an Olympus fluorescent microscope with a Photometrics CoolSNAP HQ2 CCD camera, and images were captured using Micro-Manager Software. Images of comets were analysed using Komet 6.0 image analysis software (Andor Technology, Belfast, Northern Ireland) to determine % tail DNA values. Experimental data were collected from at least three independent, biological experiments.



Immunoblotting and immunofluorescent staining

Whole cell extracts were prepared from HNSCC cells and analysed by immunoblotting as previously described (9). RAD51 antibodies were from Bethyl Laboratories (Montgomery, USA), ATR antibodies were from Abcam (Cambridge, UK), CHK1 antibodies were from Cell Signalling Technology (Leiden, The Netherlands), and actin antibodies were from Merck-Sigma (Gillingham, UK). For immunofluorescent staining of RAD51, cells were grown on 13-mm coverslips, unirradiated or irradiated with 4 Gy x-rays, and allowed to repair for 4 h in 5% CO2 at 37°C, prior to fixing and staining as previously described (9).



Statistical analysis

All experiments were performed in at least triplicate as separate independent, biological experiments and expressed as mean ± standard deviations. Changes in growth of spheroids post-irradiation, in the absence or presence of PARP inhibition, were analysed by determining the fold increase in spheroid volume between days 3 and 11 (protons) or 12 (x-rays) post-seeding in the DMSO control, versus the fold increases following treatment. Statistical analysis of DSBs quantified through neutral comet assays, and RAD51 foci through immunofluorescent staining, was performed using a one-sample t-test.




Results


HPV-positive are more radiosensitive than HPV-negative OPSCC spheroids to x-ray radiation

We have previously demonstrated that the radiosensitivity of HPV-positive OPSCC cells grown as monolayers is higher than the corresponding HPV-negative cells, largely due to the defective efficiency in repair of DNA DSBs post-IR (9). This has been replicated in other studies (10, 11). To examine if this phenotype is recapitulated in 3D spheroid models, we used three of the four same OPSCC cell lines used in our previous study and where the expression of p16 as a marker of E6 and E7 oncogenes in HPV-positive cells was confirmed (note that UMSCC47 cells, which routinely did not form or grow spheroids, were replaced with UPCI-SCC154). Our initial observations were that the spheroids from the HPV-negative cells (UMSCC6 and UMSCC74A) grew linearly up to 10–12 days post-seeding, where they increased in volume by 9.4–12.2-fold, and growth subsequently ceased from day 12 onwards (Supplementary Figures 1A, B). In response to a single dose of x-ray (photon) irradiation, the growth of the HPV-negative OPSCC spheroids was reduced by 30%–46% at 1 Gy, 45%–60% at 2 Gy, and there was limited spheroid growth following a dose of 5 Gy. In contrast, the spheroids from the HPV-positive cells (UPCI-SCC090 and UPCI-SCC154) displayed different growth characteristics. UPCI-SCC090-derived spheroids had delayed growth but which started to increase linearly from day 8 post-seeding onwards and reached an 11-fold increase in volume by day 15 (Supplementary Figure 1C). However, UPCI-SCC154-derived spheroids only grew by ~1.6-fold in volume at 10 to 15 days post-seeding (Supplementary Figure 1D). Despite these differential growth kinetics in comparison to HPV-negative OPSCC spheroids, HPV-positive OPSCC spheroid growth was significantly inhibited by a single 1 Gy dose of x-rays and completely inhibited by either a 2 or 5 Gy dose (Supplementary Figures 1C, D).

In order to directly compare the radiosensitivity of HPV-negative (UMSCC6 and UMSCC74A) and HPV-positive (UPCISCC090 and UPCISCC154) OPSCC spheroids, the rate in growth of spheroid volume between days 3 and 12 (when all spheroid models were still actively growing) was calculated following each dose of photon radiation and normalised against the unirradiated controls (set to 1.0). This demonstrated that the spheroid radiosensitivity, as a function of growth, was generally in the order UMSCC6 > UMSCC74A > UPCISCC090 > UPCISCC154 (Figure 1A). These data are very similar to that which we previously acquired using clonogenic survival assays (9) but which further show that HPV-negative OPSCC cells grown as 3D spheroids are comparatively more radioresistant than those from HPV-positive cells. In addition to measuring spheroid growth, we analysed the DSB repair efficiency of OPSCC cells grown as 3D spheroids following photon irradiation. Spheroids from each cell line were harvested at 0–240 min post-irradiation, disrupted using trypsin, and the single cells thus generated were processed using neutral comet assays to quantify the levels and repair of DSB damage (note the ~12 min sample processing time at 4°C which should be taken into account in regard to these stated analysis times). Following normalisation of the data immediately post-irradiation (set to 100%), it was observed that DSB levels (expressed as % tail DNA) of cells from HPV-negative OPSCC spheroids (UMSCC6 and UMSCC74A) gradually reduced over the 240 min time period at which point the levels were similar to those in the unirradiated control (Figures 1B, C). It should be noted that the DSB levels in the control (unirradiated) samples were relatively high (~40% tail DNA) due to the action of the trypsin required to effectively disrupt the spheroids into single cells, but also that these are relative to those in the irradiated samples after data normalisation. In contrast, we observed in cells from HPV-positive OPSCC spheroids (UPCI-SCC090 and UPCI-SCC154) that the levels of DSBs still remained high at 120 and 240 min post-irradiation and were significantly different from DSB levels in cells from HPV-negative OPSCC spheroids (UMSCC6 and UMSCC74A) (Figures 1B, C). This demonstrates reduced repair efficiency of IR-induced DSBs in the HPV-positive OPSCC spheroids compared with their HPV-negative counterparts, which reproduces previously shown evidence using monolayer cells.




Figure 1 | Analysis of the efficiency of repair of IR-induced DSBs in HPV-positive and HPV-negative OPSCC spheroids. (A) Spheroids were allowed to develop for 48 h in ultra-low attachment plates and then unirradiated or irradiated (1, 2, or 5 Gy) on day 3 with a single dose of x-rays. The rate in growth of HPV-negative OPSCC spheroids (UMSCC6 and UMSCC74A) and HPV-positive OPSCC spheroids (UPCI-SCC090 and UPCI-SCC154) measured by microscopy from day 3 to day 12 was calculated following each dose of radiation and normalised against the unirradiated controls (set to 1.0). Data were analysed from three biologically independent experiments. (B, C) Spheroids were allowed to develop for 48 h in ultra-low attachment plates and then unirradiated or irradiated (5 Gy) with a single dose of x-rays. Spheroids were harvested at the relevant time points post-irradiation (0-240 min), trypsinised into single cells and DSB levels measured using the neutral comet assay. (B) Shown is the mean % tail DNA with standard deviations from three independent biological experiments, normalised to the DNA DSBs levels at 0 min post-IR, which was set to 100%. *p < 0.02, **p < 0.01, ***p < 0.005 as analysed by a one sample t-test. (C) Representative images of comets derived from OPSCC spheroids acquired from unirradiated controls and immediately or 240 min post-IR.





Olaparib enhances the radiosensitivity of selective HPV-negative HNSCC spheroids

We examined whether the radiosensitivity of both HPV-negative and HPV-positive OPSCC spheroids could be enhanced with the PARP inhibitor, olaparib. The inhibitor (0.1 µM) was added to the spheroids 24 h post-seeding, a concentration that was effective at supressing radiation-induced poly(ADP-ribosyl)ation (Supplementary Figure 2A). After 24 h of incubation, the spheroid was irradiated with a single dose of x-rays (1 or 2 Gy), and growth rates of all OPSCC spheroids were monitored up to 12–15 days post-seeding. We observed that olaparib alone was able to supress the growth of HPV-negative OPSCC 3D spheroids (UMSCC6 and UMSCC74A) by 1.1–1.6-fold (Figures 2A, B, Table 1, Supplementary Figure 3). However, in combination with irradiation, olaparib was also able to effectively supress growth by 1.5–2.2-fold (1 Gy) and by 1.3–1.6-fold (2 Gy) compared against the respective DMSO-treated spheroids. The data were further analysed by measuring the fold decrease in spheroid volume relative to the dose of radiation, as a demonstration of radiosensitivity enhancement through synergy with PARP inhibition. This revealed that only UMSCC74A spheroids were significantly radiosensitised in a synergistic manner particularly at a 1 Gy dose of x-rays in combination with olaparib, whereas there was no difference in enhanced radiosensitisation of UMSCC6 spheroids (Figures 3A, B). In terms of HPV-positive OPSCC spheroids, olaparib alone appeared to have an impact on inhibiting the growth of particularly the UPCI-SCC154 spheroids where a 3.6-fold reduction in growth was observed (Figures 2C, D, Table 1, Supplementary Figure 3), although in combination with irradiation, olaparib had a relatively reduced impact on HPV-positive OPSCC spheroid growth. This is evidenced by reductions in growth by only 1.3-fold (1 Gy) and by 1.1–1.5-fold (2 Gy). Overall, this demonstrates the inherent increased radiosensitivity of the HPV-positive OPSCC models. This is also despite the HPV-positive OPSCC cells containing comparatively higher protein levels of PARP-1 (Supplementary Figure 2B), which we have also observed previously (9).




Figure 2 | Impact of olaparib on the radiosensitivity and growth of HPV-negative and HPV-positive OPSCC spheroids. Spheroids were allowed to develop for 24 h in ultra-low-attachment plates, treated with DMSO or olaparib (0.1 µM) for a further 24 h, and then unirradiated or irradiated (1 or 2 Gy) on day 3 with a single dose of x-rays. Growth of (A, B) HPV-negative OPSCC spheroids (UMSCC6 and UMSCC74A) and (C, D) HPV-positive OPSCC spheroids (UPCI-SCC090 and UPCI-SCC154) was measured by microscopy up to 15 days post-seeding and analysed from three biologically independent experiments.




Table 1 | Olaparib enhances the sensitivity of HPV-negative OPSCC spheroids in response to x-ray irradiation.






Figure 3 | Impact of olaparib on the enhancement of the radiosensitivity of HPV-negative HNSCC spheroids. (A–F) The fold growth of HPV-negative HNSCC spheroids from days 3 to 12 post-seeding was determined relative to the x-ray radiation dose, and this was normalised to the unirradiated control which was set to 1.0. *p < 0.05, **p < 0.02, ***p < 0.01, ****p < 0.001 as analysed by a two-sample t-test.



Given the known relative radioresistance of HPV-negative OPSCC cells and our observation that this is preserved in 3D spheroids, we extended our study by using spheroids grown from additional HPV-negative cell lines originating from the larynx (UMSCC11B and UMSCC17A), salivary gland (A253), and hypopharynx (Detroit 562 and FaDu) and examined their radiosensitivity in combination with olaparib. The two laryngeal spheroid models grew to different sizes over the 15-day period, either 3.3-fold (UMSCC17A) or 19.3-fold (UMSCC11B) (Figures 4A, B). Nevertheless, olaparib alone was able to supress the growth of laryngeal spheroids moderately by only 1.1–1.4-fold, but importantly olaparib enhanced the impact of x-ray irradiation in supressing growth of both UMSCC11B and UMSCC17A spheroids by 1.3–1.9-fold (1 Gy) and by 1.3–4.6-fold (2 Gy) compared against the respective DMSO-treated spheroids (Figures 4A, B, Table 2, Supplementary Figure 4). Using spheroids derived from cells of the salivary gland (A253), growth again was only moderately affected (1.1-fold) by olaparib alone, although this enhanced the response to irradiation (1.3–1.4-fold at 1 and 2 Gy) (Figure 4C, Table 2, Supplementary Figure 4). In contrast, spheroids derived from HPV-negative cells from the hypopharynx (Detroit 562 and FaDu) showed no sensitivity to olaparib only, and olaparib had a relatively minor impact on x-ray radiosensitivity (1.0–1.3-fold inhibition at 1 and 2 Gy) (Figures 4D, E, Table 2, Supplementary Figure 4). It was noticeable that both these hypopharyngeal cell lines contained comparatively lower PARP-1 protein levels that all of the others analysed (Supplementary Figure 2B). Interestingly, analysis of the TCGA database demonstrates that parp1 mRNA expression is generally higher in HNSCC than normal tissues, but there is no statistical difference in expression across different HNSCC tumour sites (Supplementary Figures 5A, B). Nevertheless, analysis of fold decreases in spheroid volume relative to radiation dose to analyse for synergy with PARP inhibition further revealed significant radiosensitivity enhancement of UMSCC11B and A253 spheroids by olaparib, whereas there was only a mild impact of the treatment on FaDu (significant at 2 Gy dose only) and on Detroit 562 spheroids (significant at the 1 Gy dose only; Figure 3C–F).




Figure 4 | Impact of olaparib on the radiosensitivity and growth of HPV-negative HNSCC spheroids. Spheroids were allowed to develop for 24 h in ultra-low attachment plates, treated with DMSO or olaparib (0.1 µM) for a further 24 h, and then unirradiated or irradiated (1 or 2 Gy) on day 3 with a single dose of x-rays. Growth of spheroids derived from cells from (A, B) the larynx (UMSCC17A and UMSCC11B), (C) the salivary gland (A253), and (D, E) the hypopharynx (Detroit 562 and FaDu) were measured by microscopy up to 15 days post-seeding and analysed from three biologically independent experiments.




Table 2 | Olaparib and talazoparib selectively enhance the sensitivity of HPV-negative HNSCC spheroids in response to x-ray irradiation.





Talazoparib additively enhances the radiosensitivity of HPV-negative HNSCC spheroids

The effectiveness of PARP inhibition in sensitising cells has been linked to the PARP trapping potency. Therefore, we examined the impact of the strong PARP trapper talazoparib in enhancing the radiosensitivity of HNSCC cells grown as 3D spheroids, focussing on the HPV-negative HNSCC spheroids due to their inherent radioresistance. In terms of OPSCC spheroids, talazoparib alone at the concentration tested (0.1 µM) had a dramatic impact on UMSCC74A spheroids where growth was almost completely supressed (Figure 5A, Supplementary Figure 6), whereas the growth inhibition (2.2-fold) in UMSCC6 spheroids was comparatively less (Figure 5B, Table 2, Supplementary Figure 6). Talazoparib was able to enhance the radiosensitivity of UMSCC6 spheroids, and where growth was reduced by 1.8-2.4 fold (at 1 and 2 Gy) compared against the respective DMSO-treated spheroids. For the laryngeal spheroid model (UMSCC11B), growth was again significantly reduced by talazoparib only (by 7.7-fold), but there was marked enhancement in radiosensitivity with the combination of talazoparib and x-rays evident by the 6.6-fold (1 Gy) and 5.6-fold (2 Gy) growth inhibition (Figure 5C, Table 2, Supplementary Figure 6). Using spheroids derived from salivary gland cells (A253), growth was inhibited by 1.7-fold by talazoparib alone, but also talazoparib led to increased growth inhibition following irradiation (1.6-fold at 1 Gy and 2.0-fold at 2 Gy) (Figure 5D, Table 2, Supplementary Figure 6). Growth of spheroids derived from HPV-negative cells from the hypopharynx (Detroit 562 and FaDu) was only inhibited by 1.1–1.3-fold in the presence of talazoparib only, whereas this enhanced sensitivity to x-ray radiation (1.2–1.5-fold inhibition at 1 Gy and 1.2–2.7-fold inhibition at 2 Gy) (Figures 5E, F, Table 2, Supplementary Figure 6). However, these observed fold changes in radiosensitivity are relative to the data being compared (e.g., spheroids treated with DMSO and 1 Gy versus inhibitor and 1 Gy) and do not take into account the effect of the inhibitor alone. This is reflected in the analysis of fold decreases in spheroid volume relative to radiation dose to analyse for synergy with PARP inhibition, which revealed only significantly enhanced radiosensitivity of FaDu spheroids by talazoparib, whereas there was no impact on the other HPV-negative spheroids (Figures 6A–E). This demonstrates that talazoparib largely acts in an additive manner in enhancing radiosensitivity.




Figure 5 | Impact of talazoparib on the radiosensitivity and growth of HPV-negative HNSCC spheroids. Spheroids were allowed to develop for 24 h in ultra-low attachment plates, treated with DMSO or talazoparib (0.1 µM) for a further 24 h, and then unirradiated or irradiated (1 or 2 Gy) on day 3 with a single dose of x-rays. Growth of spheroids derived from cells from (A, B) the oropharynx (UMSCC74A and UMSCC6), (C) the larynx (UMSCC11B), (D) the salivary gland (A253), and (E, F) the hypopharynx (Detroit 562 and FaDu) was measured by microscopy up to 12 days post-seeding and analysed from three biologically independent experiments.






Figure 6 | Impact of talazoparib on the enhancement of the radiosensitivity of HPV-negative HNSCC spheroids. (A–E) The fold growth of HPV-negative HNSCC spheroids from days 3 to 12 post-seeding was determined relative to the x-ray radiation dose, and this was normalised to the unirradiated control which was set to 1.0. *p < 0.05, ****p < 0.001 as analysed by a two sample t-test.





Olaparib and talazoparib enhance the radiosensitivity of HPV-negative HNSCC spheroids to proton beam therapy

We extended our observations of the impact of the PARP inhibitors olaparib and talazoparib in radiosensitising HPV-negative HNSCC 3D spheroids by examining the effects in response to proton beam therapy, which is a precision-targeted modality that is increasingly being utilised for the treatment of HNSCC patients (25, 26). In OPSCC spheroids (UMSCC74A and UMSCC6), olaparib in combination with protons was able to supress spheroid growth by 1.2–1.3-fold (at 2 Gy) and 1.3–1.4-fold (at 4 Gy) compared against the respective DMSO-treated spheroids (Figures 7A, B, Table 3, Supplementary Figure 7). In the laryngeal (UMSCC11B) and salivary gland (A253) spheroid models, growth was similarly reduced by 1.3-fold (2 Gy) and 1.6-1.7-fold (4 Gy) following the combination of both olaparib and proton irradiation (Figures 7C, D, Table 3, Supplementary Figure 7). Spheroids derived from HPV-negative cells from the hypopharynx were radiosensitised to different extents in the presence of olaparib. Spheroid growth was inhibited in Detroit 562 models by 1.2-fold (at 2 Gy) and 1.4-fold (at 4 Gy), whereas sensitivity to the combination of olaparib and proton irradiation in the FaDu spheroid models was observed to be higher through a 1.4-fold (at 2 Gy) and 2.4-fold (at 4 Gy) inhibition (Figures 7E, F, Table 3, Supplementary Figure 7). Analysis of fold decreases in spheroid volume relative to proton dose revealed significantly enhanced radiosensitivity of UMSCC74A, UMSCC11B, A253, and FaDu spheroids by olaparib in a synergistic manner (Figures 8A, C, D, F), whereas there was no impact on UMSCC6 and Detroit 562 spheroids (Figure 8B, E).




Figure 7 | Impact of olaparib on the radiosensitivity and growth of HPV-negative HNSCC spheroids in response to protons. Spheroids were allowed to develop for 24 h in ultra-low-attachment plates, treated with DMSO or olaparib (0.1 µM) for a further 24 h, and then unirradiated or irradiated (2 or 4 Gy) on day 3 with a single dose of protons. Growth of spheroids derived from cells from (A, B) the oropharynx (UMSCC74A and UMSCC6), (C) the larynx (UMSCC11B), (D) the salivary gland (A253), and (E, F) the hypopharynx (Detroit 562 and FaDu) was measured by microscopy up to 13 days post-seeding and analysed from three biologically independent experiments.




Table 3 | Olaparib and talazoparib selectively enhance the sensitivity of HPV-negative HNSCC spheroids in response to proton irradiation.






Figure 8 | Impact of olaparib on the enhancement of the radiosensitivity of HPV-negative HNSCC spheroids to protons. (A–F) The fold growth of HPV-negative HNSCC spheroids from days 3 to 11 post-seeding was determined relative to the proton dose, and this was normalised to the unirradiated control which was set to 1.0. *p < 0.05, **p < 0.02, ****p < 0.001 as analysed by a two-sample t-test.



In OPSCC spheroids (UMSCC74A and UMSCC6), talazoparib alone was again notably effective in significantly inhibiting growth of these models. In combination with protons, talazoparib was able to suppress growth of UMSCC6 spheroids by 2.6- and 3.1-fold (at 2 and 4 Gy) compared against the respective DMSO-treated spheroids, therefore working additively in enhancing radiosensitivity (Figures 9A, B, Table 3, Supplementary Figure 8). In the laryngeal (UMSCC11B) spheroids, growth was markedly inhibited by 1.8-fold (2 Gy) and 2.4-fold (4 Gy), and similarly in salivary gland (A253) spheroid models, growth was reduced by 1.4-fold (2 Gy) and 3.0-fold (4 Gy) following the combination of both talazoparib and proton irradiation (Figures 9C, D, Table 3, Supplementary Figure 8). Interestingly, both spheroid models derived from the hypopharynx (FaDu and Detroit 562) displayed markedly enhanced sensitivity to proton irradiation in the presence of talazoparib. Spheroid growth inhibition of 2.8–3.6-fold (FaDu) and 2.3–3.1-fold (Detroit 562) was observed at 2–4 Gy (Figures 9E, F, Table 3, Supplementary Figure 8). These data are supported by analysis of fold decreases in spheroid volume relative to proton dose, which demonstrate enhanced radiosensitivity of the majority of the spheroid models in a synergistic manner, apart from UMSCC74A where talazoparib is a potent inhibitor of spheroid growth alone. Indeed, there was an observed significant radiosensitisation of UMSCC11B, A253, Detroit 562, and FaDu spheroids synergistically by talazoparib (Figures 10A–E).




Figure 9 | Impact of talazoparib on the radiosensitivity and growth of HPV-negative HNSCC spheroids in response to protons. Spheroids were allowed to develop for 24 h in ultra-low-attachment plates, treated with DMSO or talazoparib (0.1 µM) for a further 24 h, and then unirradiated or irradiated (1 or 2 Gy) on day 3 with a single dose of protons. Growth of spheroids derived from cells from (A, B) the oropharynx (UMSCC74A and UMSCC6), (C) the larynx (UMSCC11B), (D) the salivary gland (A253), and (E, F) the hypopharynx (Detroit 562 and FaDu) was measured by microscopy up to 13 days post-seeding and analysed from three biologically independent experiments.






Figure 10 | Impact of talazoparib on the enhancement of the radiosensitivity of HPV-negative HNSCC spheroids to protons. (A–E) The fold growth of HPV-negative HNSCC spheroids from days 3 to 11 post-seeding was determined relative to the proton dose, and this was normalised to the unirradiated control which was set to 1.0. **p < 0.02, ***p < 0.01, ****p < 0.001 as analysed by a two-sample t-test.





Enhanced sensitivity of HPV-negative HNSCC spheroids to PARP inhibition appears to correlate with HR deficiency

PARP inhibitors are well established to be effective in the killing of HR-deficient cells and tumours via synthetic lethality (16, 17). We therefore predicted that the effectiveness of olaparib and talazoparib, particularly alone but also in combination with IR, in supressing the growth of HPV-negative HNSCC spheroids is linked to their efficiency of HR. Notably, we observed from the above experiments that the growth of UMSCC74A, UMSCC11B, and to some extent UMSCC6 spheroids were sensitive to PARP inhibition alone, whereas FaDu, Detroit 562, and to a lesser extent A253 spheroids were relatively insensitive. Using immunoblotting, we demonstrate that the levels of the key HR protein RAD51 are higher (by 2.9–4.9-fold) in FaDu, Detroit 562, and A253 cells that show PARP inhibitor resistance, compared to UMSCC74A and UMSCC11B cells that are PARP inhibitor sensitive (Figure 11A). The protein levels of the signalling enzymes ATR and CHK1 are also relatively higher in these cells (specifically, ATR is 1.4–3.6-fold higher in FaDu and Detroit 562 compared to UMSCC74A and UMSCC11B cells, whereas CHK1 is 1.5–2.9-fold higher in FaDu, Detroit 562, and A253 compared to UMSCC74A and UMSCC11B cells). We also show that the number of RAD51 foci/cell in unirradiated cells, as well as in cells 4 h post-irradiation (with 4 Gy), is significantly higher in FaDu and A253 cells compared to other cells including UMSCC74A and UMSCC11B that show PARP inhibitor sensitivity (Figures 11B, C; note that RAD51 foci were not analysed in Detroit 562 due to cell clumping during growth). However surprisingly, UMSCC6 shows a high baseline and IR induced level of RAD51 foci/cell using this assay. Nevertheless, these data indicate that the sensitivity of HNSCC cells to PARP inhibition correlates with key protein levels and efficiency of HR.




Figure 11 | Analysis of the protein levels of HR-related enzymes in HPV-negative HNSCC cells. (A) Whole-cell extracts from HPV-negative HNSCC cells were prepared and analysed by immunoblotting with RAD51, CHK1, ATR, or actin antibodies. The ratio of RAD51 relative to actin in the cell extracts, normalised to those in UMSCC74A cells which was set to 1.0, is shown. (B, C) RAD51 foci were analysed by immunofluorescent staining in unirradiated HNSCC cells, and at 4 h post-irradiation (4 Gy) with x-rays. (B) Shown is the mean number of foci/nucleus with standard deviations from three independent experiments. (C) Shown are representative images of RAD51 foci (green) within cell nuclei (blue). *p < 0.05, **p < 0.001, ***p < 0.0001, as analysed by a one-sample t-test.






Discussion

It is clear that patients with HPV-positive OPSCC, in comparison to HPV-negative diseases, have an increased response to radiotherapy which leads to an improvement in prognosis and survival rate (5–8). This difference in treatment response has also been observed in cell lines grown as monolayers derived from the respective patients, and furthermore that the increased radiosensitivity of HPV-positive OPSCC has been demonstrated to be as a consequence of defects in the repair of DNA DSBs (9–12). Studies have therefore suggested that PARP inhibitors can be utilised to further radiosensitise HPV-positive OPSCC cells as a consequence of the persistence of DSBs, although data have interestingly also revealed this to be an effective approach in cells from HPV-negative HNSCC even though these are DSB repair proficient (reviewed in (18)). Despite this, there is little preclinical evidence supporting the impact of PARP inhibitors in combination with different radiation modalities (photons and protons), and utilising 3D HNSCC models that more accurately reflect the structure and the treatment of the original tumour. In this study, we have now examined the comparative effect of photons (x-rays) on 3D spheroid models of HPV-positive and HPV-negative OPSCC and also the impact of the PARP inhibitors olaparib and talazoparib in sensitising an extended panel of radioresistant HPV-negative HNSCC models to both photons and proton beam therapy.

We discovered that similar to cells grown as monolayers, growth of two separate 3D spheroid models of HPV-positive OPSCC was more greatly inhibited by x-ray irradiation than two respective HPV-negative OPSCC models, demonstrating their increased radiosensitivity. Despite this, we observed that spheroids derived from HPV-positive OPSCC grew very slowly, reflecting their slow growth also as monolayers, and one of the models (UPCI-SCC154) only grew ~1.6-fold in volume over a 15-day period compared to the others used, limiting its accurate evaluation. We were however able to show using neutral comet assays that the DSB repair capacity of two HPV-positive OPSCC grown as spheroids in response to x-rays was significantly reduced compared to HPV-negative OPSCC. This demonstrates that the HPV-positive OPSCC cells grown as 3D spheroid models still retain inherent deficiencies in DSB repair, which has been observed in a number of studies using monolayer cells utilising both comet assays and analysis of DSB surrogate markers such as γH2AX and 53BP1 via immunofluorescence microscopy (9–11).

In addition to observed differences in radiosensitivity based on HPV status, we have shown that the growth of relatively radioresistant OPSCC cells (UMSCC74A and UMSCC6) as 3D spheroids could be inhibited (by 1.3–2.2-fold dependent on the model and dose of x-rays used) in the presence of the PARP inhibitor olaparib. Assessment of the synergy of PARP inhibition with x-ray irradiation, however, revealed that only UMSCC74A was significantly radiosensitised synergistically, whereas in UMSCC6 increased radiosensitisation was largely additive. In comparison, none of the two HPV-positive OPSCC spheroid models showed synergistic radiosensitisation through PARP inhibition. This reflects our previous data using clonogenic assays to measure cell survival post IR in the presence of olaparib, where we observed a greater radiosensitisation of HPV-negative OPSCC (9). In contrast, it has previously been shown that the PARP inhibitor veliparib appears to have a greater effect on radiosensitising the HPV-positive OPSCC cells UMSCC47 and UPCI-SCC154 compared to the HPV-negative UMSCC1 cell line (10). Additionally, three HPV-positive OPSCC cells (UMSCC47, UPCI-SCC154, and UPCI-SC104) appeared to show higher radiosensitisation to veliparib compared to three HPV-negative HNSCC cells (SQD9, SC263, and CAL27) (27). It should be noted though that these studies utilised veliparib, which has a weaker PARP trapper than olaparib or talazoparib. Also, the HPV-negative cell lines used were from different tumour origins (salivary gland and larynx) rather than the specific and comparative oropharyngeal cells used at this point in our study which may explain the discrepancies. To this effect, we observed that HPV-negative HNSCC cells from the larynx, salivary gland, and hypopharynx displayed differential radiosensitisation with x-rays in the presence of olaparib, suggesting tumour cell line variability in the response to the combination treatment. For example, spheroids from UMSCC11B (larynx) were radiosensitised in the presence of olaparib, in a synergistic manner, whereas FaDu and Detroit 562 (hypopharynx) were relatively insensitive to the combination treatment. In fact, these less responsive spheroid models to radiosensitisation through PARP inhibition were found to contain comparatively lower PARP-1 protein levels, but more importantly we discovered increased protein levels and foci of the key HR factor RAD51 compared to the other cells analysed. The variability in response is supported by another study in HPV-negative HNSCC cells (28) and which similarly proposed that the impact of PARP inhibition on radiosensitisation is dependent on the HR proficiency of the cells. Interestingly, downregulation of the receptor tyrosine kinase AXL has been suggested to enhance the response of HNSCC cells (584 and 1386-LN), as well as breast and lung cancer cells, to olaparib and which was linked with reduced levels of RAD51 foci and decreased HR efficiency (29). However, the impact of PARP inhibition in combination with ionising radiation was not investigated. Additionally, the effectiveness of PARP inhibition in the radiosensitisation of HNSCC cells and tumours has been linked with SMAD4 involved in TGFβ signalling and where SMAD4-deficient models were shown to be more responsive to the combined treatment (30). Interestingly and on TCGA analysis, this study also found a correlation between decreased smad4 and lower fanc/brca gene expression suggestive of a “BRCAness” phenotype. Collectively though, this further demonstrates that more detailed mechanisms of action studies need to be performed to fully understand the key driving factors leading to enhanced radiosensitisation of HNSCC cells through PARP inhibition.

Focussing on relatively radioresistant HPV-negative HNSCC spheroid models from different tumour origins, we analysed the comparative radiosensitisation properties of olaparib and talazoparib, the latter of which is characterised as a strong PARP trapper (21, 22). Whilst we found that talazoparib alone was generally more effective in preventing 3D spheroid growth, and particularly toxic to HPV-negative OPSCC spheroids (UMSCC74A and UMSCC6), we found no overall strong evidence that this led to significantly enhanced radiosensitisation of all HPV-negative HNSCC spheroid models in response to x-ray irradiation in a synergistic manner. This would indicate that PARP trapping is not a critical factor in driving enhanced radiosensitivity of HNSCC models and that inhibition of poly(ADP-ribosyl)ation activity itself (in addition to HR proficiency of the cells) is likely the major determinant through which impact on spheroid growth is achieved in combination with x-ray irradiation. Interestingly, there appeared to be greater differences with the effectiveness of olaparib versus talazoparib in response to proton irradiation. Here we observed that talazoparib in combination with protons led to a more profound synergistic inhibition of growth of HPV-negative HNSCC spheroids than that achieved with olaparib, particularly of those derived from the hypopharynx (FaDu and Detroit 562). The reason behind this difference is currently unclear but could possibly relate to the changes in DNA damage profile or cellular response to the different radiation modalities (31). To this effect, we have recently shown, using similar cell lines employed in this study, that these display some degree of variability in terms of both clonogenic survival and 3D spheroid growth following photon versus proton irradiation, and similarly, differential responses to inhibitors against the DSB repair proteins ATM, ATR, and DNA-Pk also exist (32). We have also shown in this study that there is increased expression of HR factors (RAD51, ATR, and CHK1) in cells resistant to the combination of olaparib and IR (photons and protons). Furthermore, we have shown that monolayer cells, albeit irradiated at the distal end of the Bragg peak with relatively highly linear energy transfer protons, generate complex DNA damage that has a strong dependence on the involvement of PARP-1 for their repair (23, 24). Cumulatively, these studies would suggest that the DNA damage profile and efficiency of the cellular DDR mediated by the DSB repair pathways NHEJ and HR, but also the reliance on one of these pathways, may be responsible for the difference in effectiveness of talazoparib versus olaparib in combination with protons in the current study. However, it is possible that this could also be mediated through differences in metabolism and cell death activation which PARP proteins also critically play a role in (33), but which nevertheless requires further investigation. In addition to this, our ongoing experiments aim to examine the impact of PARP inhibition both alone, but particularly on the radiosensitisation of patient-derived HNSCC organoids, with a view to providing more preclinical evidence that this is a strategy that could be taken forward for future benefit of HNSCC patients.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

JP conceptualized and designed the project. CZ and JP designed the experimental setup. CZ, MF, and JH performed experiments. CZ, MF, JH, GG, and JP performed data analysis and validation. CZ and JP wrote the manuscript, and all authors contributed to reviewing and editing. JP coordinated funding acquisition. All authors contributed to the article and approved the submitted version.



Funding

This research was supported by funding from North West Cancer Research (CR1197).



Acknowledgments

The authors thank Prof T. Carey and Dr S. Gollin for providing HNSCC cells. We also thank Linda Mortimer and the technical team at the Clatterbridge Cancer Centre for assistance with proton irradiation of cells.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.940377/full#supplementary-material



References

1. Bray, F, Ferlay, J, Soerjomataram, I, Siegel, RL, Torre, LA, and Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2018) 68:394–424. doi: 10.3322/caac.21492

2. Chaturvedi, AK, Anderson, WF, Lortet-Tieulent, J, Curado, MP, Ferlay, J, Franceschi, S, et al. Worldwide trends in incidence rates for oral cavity and oropharyngeal cancers. J Clin Oncol (2013) 31:4550–9. doi: 10.1200/JCO.2013.50.3870

3. Marur, S, D’souza, G, Westra, WH, and Forastiere, AA. HPV-associated head and neck cancer: A virus-related cancer epidemic. Lancet Oncol (2010) 11:781–9. doi: 10.1016/S1470-2045(10)70017-6

4. Spence, T, Bruce, J, Yip, KW, and Liu, FF. HPV associated head and neck cancer. Cancers (Basel) (2016) 8:75. doi: 10.3390/cancers8080075

5. Kimple, RJ, Smith, MA, Blitzer, GC, Torres, AD, Martin, JA, Yang, RZ, et al. Enhanced radiation sensitivity in HPV-positive head and neck cancer. Cancer Res (2013) 73:4791–800. doi: 10.1158/0008-5472.CAN-13-0587

6. Ang, KK, Harris, J, Wheeler, R, Weber, R, Rosenthal, DI, Nguyen-Tan, PF, et al. Human papillomavirus and survival of patients with oropharyngeal cancer. N Engl J Med (2010) 363:24–35. doi: 10.1056/NEJMoa0912217

7. Fakhry, C, Westra, WH, Li, S, Cmelak, A, Ridge, JA, Pinto, H, et al. Improved survival of patients with human papillomavirus-positive head and neck squamous cell carcinoma in a prospective clinical trial. J Natl Cancer Inst (2008) 100:261–9. doi: 10.1093/jnci/djn011

8. Lassen, P, Eriksen, JG, Hamilton-Dutoit, S, Tramm, T, Alsner, J, and Overgaard, J. Effect of HPV-associated p16INK4A expression on response to radiotherapy and survival in squamous cell carcinoma of the head and neck. J Clin Oncol (2009) 27:1992–8. doi: 10.1200/JCO.2008.20.2853

9. Nickson, CM, Moori, P, Carter, RJ, Rubbi, CP, and Parsons, JL. Misregulation of DNA damage repair pathways in HPV-positive head and neck squamous cell carcinoma contributes to cellular radiosensitivity. Oncotarget (2017) 8:29963–75. doi: 10.18632/oncotarget.16265

10. Weaver, AN, Cooper, TS, Rodriguez, M, Trummell, HQ, Bonner, JA, Rosenthal, EL, et al. DNA Double strand break repair defect and sensitivity to poly ADP-ribose polymerase (PARP) inhibition in human papillomavirus 16-positive head and neck squamous cell carcinoma. Oncotarget (2015) 6:26995–7007. doi: 10.18632/oncotarget.4863

11. Rieckmann, T, Tribius, S, Grob, TJ, Meyer, F, Busch, CJ, Petersen, C, et al. HNSCC cell lines positive for HPV and p16 possess higher cellular radiosensitivity due to an impaired DSB repair capacity. Radiother Oncol (2013) 107:242–6. doi: 10.1016/j.radonc.2013.03.013

12. Gubanova, E, Brown, B, Ivanov, SV, Helleday, T, Mills, GB, Yarbrough, WG, et al. Downregulation of SMG-1 in HPV-positive head and neck squamous cell carcinoma due to promoter hypermethylation correlates with improved survival. Clin Cancer Res (2012) 18:1257–67. doi: 10.1158/1078-0432.CCR-11-2058

13. Liu, Z, Liu, H, Gao, F, Dahlstrom, KR, Sturgis, EM, and Wei, Q. Reduced DNA double-strand break repair capacity and risk of squamous cell carcinoma of the head and neck–a case-control study. DNA Repair (Amst) (2016) 40:18–26. doi: 10.1016/j.dnarep.2016.02.003

14. Schreiber, V, Dantzer, F, Ame, JC, and De Murcia, G. Poly(ADP-ribose): novel functions for an old molecule. Nat Rev Mol Cell Biol (2006) 7:517–28. doi: 10.1038/nrm1963

15. Grundy, GJ, and Parsons, JL. Base excision repair and its implications to cancer therapy. Ess Biochem (2020) 64:831–43. doi: 10.1042/EBC20200013

16. Farmer, H, Mccabe, N, Lord, CJ, Tutt, AN, Johnson, DA, Richardson, TB, et al. Targeting the DNA repair defect in BRCA mutant cells as a therapeutic strategy. Nature (2005) 434:917–21. doi: 10.1038/nature03445

17. Bryant, HE, Schultz, N, Thomas, HD, Parker, KM, Flower, D, Lopez, E, et al. Specific killing of BRCA2-deficient tumours with inhibitors of poly(ADP-ribose) polymerase. Nature (2005) 434:913–7. doi: 10.1038/nature03443

18. Fabbrizi, MR, and Parsons, JL. Cell death mechanisms in head and neck cancer cells in response to low and high-LET radiation. Expert Rev Mol Med (2022) 24:e2. doi: 10.1017/erm.2021.31

19. Murai, J, Huang, SY, Das, BB, Renaud, A, Zhang, Y, Doroshow, JH, et al. Trapping of PARP1 and PARP2 by clinical PARP inhibitors. Cancer Res (2012) 72:5588–99. doi: 10.1158/0008-5472.CAN-12-2753

20. Mateo, J, Lord, CJ, Serra, V, Tutt, A, Balmana, J, Castroviejo-Bermejo, M, et al. A decade of clinical development of PARP inhibitors in perspective. Ann Oncol (2019) 30:1437–47. doi: 10.1093/annonc/mdz192

21. Murai, J, Huang, SY, Renaud, A, Zhang, Y, Ji, J, Takeda, S, et al. Stereospecific PARP trapping by BMN 673 and comparison with olaparib and rucaparib. Mol Cancer Ther (2014) 13:433–43. doi: 10.1158/1535-7163.MCT-13-0803

22. Hopkins, TA, Shi, Y, Rodriguez, LE, Solomon, LR, Donawho, CK, Digiammarino, EL, et al. Mechanistic dissection of PARP1 trapping and the impact on In vivo tolerability and efficacy of PARP inhibitors. Mol Cancer Res (2015) 13:1465–77. doi: 10.1158/1541-7786.MCR-15-0191-T

23. Carter, RJ, Nickson, CM, Thompson, JM, Kacperek, A, Hill, MA, and Parsons, JL. Complex DNA damage induced by high linear energy transfer alpha-particles and protons triggers a specific cellular DNA damage response. Int J Radiat Oncol Biol Phys (2018) 100:776–84. doi: 10.1016/j.ijrobp.2017.11.012

24. Carter, RJ, Nickson, CM, Thompson, JM, Kacperek, A, Hill, MA, and Parsons, JL. Characterisation of deubiquitylating enzymes in the cellular response to high-LET ionizing radiation and complex DNA damage. Int J Radiat Oncol Biol Phys (2019) 104:656–65. doi: 10.1016/j.ijrobp.2019.02.053

25. Lukens, JN, Lin, A, and Hahn, SM. Proton therapy for head and neck cancer. Curr Opin Oncol (2015) 27:165–71. doi: 10.1097/CCO.0000000000000181

26. Leeman, JE, Romesser, PB, Zhou, Y, Mcbride, S, Riaz, N, Sherman, E, et al. Proton therapy for head and neck cancer: Expanding the therapeutic window. Lancet Oncol (2017) 18:e254–65. doi: 10.1016/S1470-2045(17)30179-1

27. Dok, R, Bamps, M, Glorieux, M, Zhao, P, Sablina, A, and Nuyts, S. Radiosensitization approaches for HPV-positive and HPV-negative head and neck squamous carcinomas. Int J Cancer (2020) 146:1075–85. doi: 10.1002/ijc.32558

28. Wurster, S, Hennes, F, Parplys, AC, Seelbach, JI, Mansour, WY, Zielinski, A, et al. PARP1 inhibition radiosensitizes HNSCC cells deficient in homologous recombination by disabling the DNA replication fork elongation response. Oncotarget (2016) 7:9732–41. doi: 10.18632/oncotarget.6947

29. Balaji, K, Vijayaraghavan, S, Diao, L, Tong, P, Fan, Y, Carey, JP, et al. AXL inhibition suppresses the DNA damage response and sensitizes cells to PARP inhibition in multiple cancers. Mol Cancer Res (2017) 15:45–58. doi: 10.1158/1541-7786.MCR-16-0157

30. Hernandez, AL, Young, CD, Bian, L, Weigel, K, Nolan, K, Frederick, B, et al. PARP inhibition enhances radiotherapy of SMAD4-deficient human head and neck squamous cell carcinomas in experimental models. Clin Cancer Res (2020) 26:3058–70. doi: 10.1158/1078-0432.CCR-19-0514

31. Vitti, ET, and Parsons, JL. The radiobiological effects of proton beam therapy: Impact on DNA damage and repair. Cancers (Basel) (2019) 11:946. doi: 10.3390/cancers11070946

32. Vitti, ET, Kacperek, A, and Parsons, JL. Targeting DNA double-strand break repair enhances radiosensitivity of HPV-positive and HPV-negative head and neck squamous cell carcinoma to photons and protons. Cancers (Basel) (2020) 12:1490. doi: 10.3390/cancers12061490

33. Bai, P. Biology of Poly(ADP-ribose) polymerases: The factotums of cell maintenance. Mol Cell (2015) 58:947–58. doi: 10.1016/j.molcel.2015.01.034



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Zhou, Fabbrizi, Hughes, Grundy and Parsons. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-12-940377-g002.jpg
UMSCC6

Spheroid volume (um® x 10%)

Days post-seeding

" UPCI-SCC090
: —e— DMSO
35 —e— Olaparib
— @ - DMSO+1Gy
3.0 — o - Olaparib+1Gy

-~-@--- DMSO+2Gy
-~-#--- Olaparib+2Gy

15

1.0

Spheroid Volume (um® 1x107)
N
I

0.5

0.0

Days post-seeding

UMSCC74A

o) i N
o o o

Spheroid Volume (um? 1x107)
w
>

20
1.0
0.0
3 5 7 9 1 13 18
Days post-seeding
UPCI-SCC154
15

o
o

Spheroid Volume (um® 1x107)
°
&

o
o

Days post-seeding





OEBPS/Images/fonc-12-940377-g007.jpg
>

Spheroid Volume (um® 1x107)
S LN WS M oB N e
© ©o o o o o o o ©

O

=i <
o N

o
®

o
IS

Spheroid Volume (um? 1x108)
S S
S >

e
°

UMSCC74A

Days post-seeding

A253

—e— DMSO
—e— Olaparib

— & - DMSO+2Gy
— & - Olaparib+2Gy
------ DMSO+4Gy
---e-- Olaparib+4Gy

Days post-seeding

11

13

@

Spheroid Volume (um? 1x10)

UMSCC6

Days post-seeding

Detroit

Days post-seeding

()

UMSCC11B

o P
® o N

Spheroid Volume (um® 1x108)
o
o

0.4
0.2
0.0
3 5 4 9 11 = 5
Days post-seeding
S FaDu

Spheroid Volume (um® 1x10%)
o el » ~
[EE =S i S

&
°

Days post-seeding





OEBPS/Images/fonc-12-940377-g009.jpg
>

UMSCC74A
7.0
360
&
% 50
S
340
£
530
% 2.0
2
£ 10
&
0.0
3 5 7 9
Days post-IR
A253
20 —e—DMSO
—e— Talazoparib
15 — o - DMSO+2Gy
— o - Talazoparib+2Gy
---#--- DMSO+4Gy

Spheroid Volume (um? 1x10%)

1.0 -~ Talazoparib+4Gy

0.5

0.0

Days post-IR

11

1

13

BB R e m
o & o & o in

&

Spheroid Volume (um?® 1x107)
b

o
°

UMSCC6

Days post-IR

Detroit

7
Days post-IR

(9]

UMSCC11B

o e
® o N

Spheroid Volume (um? 1x10%)
°
=

0.4
0.2
0.0
3 5 & g9 11 13
Days post-IR
F
FaDu
20

B
W«

Spheroid Volume (pm? 1x108)
o =
& o

=g
°

Days post-IR





OEBPS/Images/fonc-12-940377-g010.jpg
A UMSCC6 B UMSCC11B

—e—DMSO e

!
o

—e—Talazoparib

oy

—e— Talazoparib

e
[

Spherod volume inhibition (fold change)

B
H
=
£
506
=
2
£ P
o 04
£
2
0.2 2
502
g
0.0 o0
[ 1 2 3 a o " " 3 a
Dose (Gy) Dose (Gy)
c D . E
A253 Detroit FaDu
1.0 ~ Lo —s—DMSO
\\ —+—DMSO ) \ h - —+—DMSO
H —e—Talazoparib &
—e—Talazoparib 308 S * £ - { —e— Talazoparib
] = ~
e 3 e
g06 5 -
o 2 H
- ) 2
E E ’ é
= 2
A e 3
g 02 02 2
@ 2 =
2 2
2 2
0.0 “ 0.0 200
0 1 2 3 4 0 1 2 3 4 ) 1 2 3 4

Dose (Gy) Dose (Gy) Dose (Gy)





OEBPS/Images/fonc-12-940377-g005.jpg
>

Spheroid volume (um® x 10)

Spheroid volume (um? x 10°)

o
o

o
w

o
@

2
S

o
©

2
°

1.0

0.8

0.6

0.4

0.2

0.0

UMSCC74A

Days post-seeding

A253
—e—DMsO

—e— Talazoparib
— & - DMSO+1Gy
— o - Talazoparib+1Gy
----- DMSO+2Gy

---e--- Talazoparib+2Gy

Days post-seeding

11

%

13

13

. UMSCC6

Spheroid volume (um3 x 108)

13
Days post-seeding

Detroit

Spheroid volume (um? x 107)

0.0

3 5 7 L 11 13
Days post-seeding

i UMSCC11B

Spheroid volume (1um® x 109)

3 5 7 9 11 13
Days post-seeding

FaDu
25

Spheroid volume (um® x 10)

g ic

Days post-seeding





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Effectiveness of PARP inhibition in enhancing the radiosensitivity of 3D spheroids of head and neck squamous cell carcinoma

      

        		

          Introduction

        



        		

          Methods and materials

        

          		

            Cell lines and culture conditions

          



          		

            Spheroid growth assay

          



          		

            Spheroid neutral comet assays

          



          		

            Immunoblotting and immunofluorescent staining

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            HPV-positive are more radiosensitive than HPV-negative OPSCC spheroids to x-ray radiation

          



          		

            Olaparib enhances the radiosensitivity of selective HPV-negative HNSCC spheroids

          



          		

            Talazoparib additively enhances the radiosensitivity of HPV-negative HNSCC spheroids

          



          		

            Olaparib and talazoparib enhance the radiosensitivity of HPV-negative HNSCC spheroids to proton beam therapy

          



          		

            Enhanced sensitivity of HPV-negative HNSCC spheroids to PARP inhibition appears to correlate with HR deficiency

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-12-940377-g001.jpg
Normalised Growth Rate

Normalised % tail DNA

0.8

0.6

0.4

0.2

0.0

0%

BUMSOCE

Contra 0

0

W UMS OC74A

Dose (Gy)

3

60

min post-IR

UPCLSCCOS0

—+—-UMSCC6

——UMSCC74A
UPCI-SCC090

—+-UPCI-SCC154

120 240

B UPCILSCC154

UMSCC6

UMSCC74A

UPCI-SCC090

UPCI-SCC154

Control

0 min

240 min






OEBPS/Images/table2.jpg
Treatment

Olaparib
Ola+1 Gy
Ola+2 Gy
Talazoparib
Tala+1 Gy
Tala+2 Gy

UMSCC6

1.6 £ 0.1
1.5+£02
1.6 £ 0.2
22+04
1.8 0.1
2401

UMSCC74A

1.1£0.1
2203
1.3+0.2
4.0 £0.6
n.d.
n.d.

UMSCCI17A

1.1 +0.0

1.3+0.1

1.3+0.1
nd.
nd.
n.d.

UMSCCI11B

14 £0.1
1.9 £0.0
4.6 £0.7
7.7 £1.0
6.6 +0.8
56 0.4

A253

1.1£0.0
1300
14 £0.1
1.7+02
1.6 £ 04
20+04

Detroit 562

1.1£0.1
1.3 £ 0.0
1.1£0.0
1.1£03
1.2£0.1
1.2£03

FaDu

0.9 0.1
1.0 0.1
1.2+0.1
1.3+0.1
1.5+0.2
27+05

Growth inhibition ratios (mean + S.D) comparing the fold increase in spheroid volume between days 3 and 12 following olaparib or talazoparib versus the appropriate DMSO controls
(alone, or combination with x-rays) were calculated in HPV-negative and HPV -positive HNSCC spheroids. n.d. refers to not determined.





OEBPS/Images/fonc-12-940377-g003.jpg
<

rxn

—e—DMSO
—e—Olaparib

UMSCC11B

= X b by {2}
- 3 S S S
(oBuey> prog) uoruquyuy awnjon prosoyds

—e— Olaparib

—e—DMSO

UMSCCée

= 2 1. 5t 2
A S = S S
(afuey> proj) uoruquyu dwnjon prosdyds

—e—Olaparib

UMSCC74A

o

o © < ~
a S S S S
(a3uey> pro) uoryquyu dwnjon prosayds

]
=]

0.0

=]
S

1 15

Dose (Gy)

0.5

1 15
Dose (Gy)

0.5

: § 15
Dose (Gy)

0.5

—e—DMSO
—e—Olaparib

FaDu

o © < ~
3 S S S
(a3uey> proy) uoryquyu dwnjon prosayds

1.0

—e—DMSO
—e—Olaparib

Detroi

8 -] = o
S S S S

(a3ueyd> proj) uoryquyu dwnjon prosvyds

1.0
8

—e—DMSO
—e—Olaparib

A253

© < o~
S = S S
(o8uey> proj) uorquyur winjos prosayds

10
8

=
S

=]
S

=]
S

1 15
Dose (Gy)

0.5

1 15
Dose (Gy)

0.5

15
Dose (Gy)

0.5





OEBPS/Images/fonc.2022.940377_cover.jpg
, frontiers ‘ Frontiers in Oncology

Effectiveness of PARP inhibition
in enhancing the radiosensitivity
of 3D spheroids of head and
neck squamous cell carcinoma





OEBPS/Images/table3.jpg
Treatment UMSCC6 UMSCC74A UMSCCI11B A253 Detroit 562 FaDu

Ola+2 Gy 12+0.1 13 +04 1.3+02 13+02 1.2 £0.0 1.4+0.1
Ola+4 Gy 1302 14 £0.1 1.7 £04 1.6 £ 0.1 14 +£04 24+04
Tala+2 Gy 26 £0.5 n.d. 1.8+03 14 £0.1 28+1.1 23+05
Tala+4 Gy 31+£02 nd. 24 £06 30+£02 36 £0.6 3.1+05

Growth inhibition ratios (mean + $.D) comparing the fold increase in spheroid volume between days 3 and 11 following olaparib or talazoparib versus the appropriate DMSO controls
(alone, or combination with protons) were calculated in HPV-negative and HPV-positive HNSCC spheroids. n.d. refers to not determined.





OEBPS/Images/fonc-12-940377-g008.jpg
o

<

m
-
-
Q
Q
s

.

g

e g £

Py

e e e

- © © o o

(a3ueyd proj) uoruquyus wnjor prosdyds

—e—DMSO
—e— Olaparib

UMSCCe

S ] © < o
b s 3 S 3
(a8ueyd proj) uoruqiyur Swnjon prosayds

—e—DMSO
—e—Olaparib

UMSCC74A

e ] ° < o
A S S S S
(a8ueyd proj) uoruqiyur awnjon prosayds

=]
S

S
S

S
S

Dose (Gy)

Dose (Gy)

Dose (Gy)

[a)

FaDu

Detroi

A253

=
=i

e
-

—e—Olaparib

e ] © < o
= S S S S
(aFuey> proj) uoruquyur swnjon prosayds

=
S

—e—Olaparib

] © < ] S
3 S S 3 3
(aFuey> proj) uoruquyur ownjon prosayds

—e—Olaparib

—«—DMSO

« ° < o °
S S S S S
(a8ueyd proj) uopuquyur dwnjon prosayds

Dose (Gy)

Dose (Gy)

Dose (Gy)





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-12-940377-g011.jpg
RADS51 foci/cell

50
45
40
35
30
25
20
15
10

(%]

X S
&

o
&

NY
(«
& ") J
\)@ \)é

o — == | RADS51

“| ATR

-——/ Actin

Unirradiated

‘ ook

4 h post-IR

RAD51/
actin ratio

m UMSCC74A

® FaDu
UMSCC6

WA253

m UMSCC11B

UMSCC74A

FaDu

UMSCC6

A253

UMSCC11B

Control

4 h post-IR





OEBPS/Images/fonc-12-940377-g006.jpg
<

UMSCC11B

UMSCCe

<
-

Q
]

—e—Talazoparib

—e—DMSO

8 ﬁ 4 z 0
3 S ] S S
(a8uey> proj) uoryquyur dwnjon prosayds

—e— Talazoparib

—e— DMSO

o © < ~
S | ] S
(aBueyd prog) uoyquyu dwnjon prosayds

=3
=]

15

0.5

15

0.5

Dose (Gy)

Dose (Gy)

[a]

Detroi

A253

—e—Talazoparib

—+—DMSO

© < o
S S S
(aBueyd proj) uoryquyu dwnjon proayds

0.0

—+—Talazopario

—e—DMSO

o o © < a o
= s S S s S
(o3ueyd proj) uouqiyu dwnjon prosayds

—e— Talazoparib

—e— DMSO

© < o
S S S
(afuey> prog) uorqiyu dwnjon prosayds

2
=]

1 15
Dose (Gy)

0.5

1 15
Dose (Gy)

0.5

1 15

Dose (Gy)

0.5





OEBPS/Images/table1.jpg
Treatment UMSCCé6 UMSCC74A UPCI-SCC090 UPCI-SCC154

Olaparib 1.6 £0.1 1L1+0.1 1.1£02 3605
Olaparib+1 Gy 1.5+0.2 22+03 13 £0.1 13£0.1
Olaparib+2 Gy 1.6 0.2 1302 1.5+02 1.1 £0.0

Growth inhibition ratios (mean + $.D) comparing the fold increase in spheroid volume between days 3 and 12 following olaparib versus the appropriate DMSO controls (alone, or
combination with x-rays) were calculated in HPV-negative and HPV-positive OPSCC spheroids.





OEBPS/Images/fonc-12-940377-g004.jpg
UMSCC17A UMSCC11B A253
40 16
$35 z 14
S 1 a
%30 * x12
k: E
22-5 _Ei, 210
g g 5
E20 £ Bos
215 S £
2 = 2
S
210 g 204
2 ] 2
&05 & &02
0.0 0.0
5 7 9 1n o131 7 9 1 13 1
Days post-seeding Days post-seeding Days post-seeding
Detroit FaDu
50 | —e—DMsO o
18 —e— Olaparib -
B 1'5 — & - DMSO+1Gy g3
X, - Olaparibicy _A *30
g ----- DMSO+2Gy - §25
3 12 e-Olaparib+2Gy b
E 10 2 £20
S 08 S1s
= =
Zos 2
2 210
S04 3
202 Sos
00 00
3 5 7 s 1n 13 15 3 5 7 ] 1 13 15

Days post-seeding Days post-seeding





