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ABSTRACT 10 

A critical risk factor for head and neck squamous cell carcinoma (HNSCC), particularly of the 11 

oropharynx, and the response to radiotherapy is human papillomavirus (HPV) type-16/18 infection. 12 

Specifically, HPV-positive HNSCC display increased radiosensitivity and improved outcomes, which 13 

has been linked with defective signalling and repair DNA double strand breaks (DSBs). This 14 

differential response to radiotherapy has been recapitulated in vitro using cell lines, although studies 15 

utilising appropriate 3D models that are more reflective of the original tumour are scarce. Furthermore, 16 

strategies to enhance the sensitivity of relatively-radioresistant HPV-negative HNSCC to radiotherapy 17 

are still required. We have analysed the comparative response of in vitro 3D spheroid models of 18 

oropharyngeal squamous cell carcinoma to x-ray (photon) irradiation, and provide further evidence 19 

that HPV-positive cells, in this case now grown as spheroids, show greater inherent radiosensitivity 20 

compared to HPV-negative spheroids due to defective DSB repair. We subsequently analysed these 21 

and an expanded number of spheroid models, with a particular focus on relatively radioresistant HPV-22 

negative HNSCC, for impact of poly(ADP-ribose) polymerase (PARP) inhibitors (olaparib and 23 

talazoparib) in significantly inhibiting spheroid growth in response to photons, but also proton beam 24 

therapy. We demonstrate that in general, PARP inhibition can further radiosensitise particularly HPV-25 

negative HNSCC spheroids to photons and protons leading to significant growth suppression. The 26 

degree of enhanced radiosensitivity was observed to be dependent on the model and on the tumour site 27 

(oropharynx, larynx, salivary gland or hypopharynx) from which the cells were derived from. We also 28 

provide evidence suggesting that PARP inhibitor effectiveness relates to homologous recombination 29 

repair proficiency. Interestingly though, we observed enhanced effectiveness of talazoparib versus 30 

olaparib specifically in response to proton irradiation. However, our data generally support that PARP 31 

inhibition in combination with radiotherapy (photons and protons) should be considered further as an 32 

effective treatment for HNSCC, particularly for relatively radioresistant HPV-negative tumours. 33 

INTRODUCTION 34 

A worldwide incidence of ~800,000 cases each year of head and neck squamous cell carcinoma 35 

(HNSCC) has been reported (1), with regional and local recurrence plus distant metastasis 36 

predominantly causing ~60 % of the mortality rates. The major risk factors of this disease comprise of 37 
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excessive alcohol consumption, smoking and human papillomavirus (HPV) type-16/18 infection, the 38 

latter of which accounts for ~60 % of oropharyngeal squamous cell carcinoma (OPSCC) (2-4). 39 

Furthermore, HPV-positive OPSCC patients display a better clinical prognosis and survival rates 40 

compared to HPV-negative OPSCC through an enhanced response to radiotherapy and chemotherapy 41 

(5-8). Recent in vitro studies have recapitulated the enhanced radiosensitivity of HPV-positive OPSCC 42 

cell lines grown as monolayers in comparison to the respective HPV-negative cell models (9-12). 43 

Furthermore, and given that the therapeutic effect of radiotherapy (ionising radiation; IR) is achieved 44 

through the generation of DNA damage, there is collective evidence in these and other studies to 45 

suggest that the inherent increased radiosensitivity of HPV-positive OPSCC is caused by defects in the 46 

cellular DNA damage response (DDR) (13). Specifically, it has been shown that there is delayed repair 47 

of DNA double strand breaks (DSBs), measured directly but also using surrogate markers such as 48 

γH2AX and 53BP1, in response to photon irradiation in HPV-positive OPSCC cells. The precise 49 

impact of HPV infection on DSB repair proficiency is still unclear though, as both reduced expression 50 

and activities of enzymes involved in both homologous recombination (HR) and non-homologous end 51 

joining (NHEJ), the two major DNA DSB repair pathways, have been shown (9, 10). Nevertheless, it 52 

is apparent that the DDR plays a critical role in determining the radiosensitivity of HNSCC cell lines 53 

in vitro. Importantly however, the utilisation of 3D models of HNSCC (such as spheroids and 54 

organoids), that more accurately reflect the structure and environment of the original tumour, and their 55 

response to IR mediated via the DDR is less well known. 56 

Poly (ADP-ribose) polymerases (PARPs) are a family of 17 enzymes that predominantly play an 57 

essential role in post-translational modification of target proteins through attachment of ADP-ribose 58 

units using NAD+ as a substrate (14). Only three PARPs (specifically PARP1, PARP2 and PARP3) 59 

are mainly engaged in the DDR, where they play immediate roles in DNA strand break binding and 60 

aid in the processes of base excision repair (BER) and DSB repair by HR and NHEJ (15). PARP 61 

inhibition has proven to be an effective strategy for the killing of BRCA-deficient tumour cells through 62 

a process known as synthetic lethality (16, 17). This takes advantage of the inability of these cells to 63 

process DSBs through HR, and through the action of inhibiting PARPs involved in the repair of DNA 64 

single strand breaks, this leads to accumulation of replication-induced and toxic DSBs. An increasing 65 

number of studies have suggested that PARP inhibition, using predominantly either veliparib or 66 

olaparib, leads to the accumulation of DSBs and enhanced radiosensitivity of both HPV-positive and 67 

HPV-negative HNSCC cells (reviewed in (18)). However, there is conflicting evidence to suggest 68 

whether DSB repair-defective HPV-positive HNSCC cells are more effectively sensitised by PARP 69 

inhibition to IR. Also comparatively, whether the sensitivity of relatively radioresistant HPV-negative 70 

HNSCC cells are largely responsive to PARP inhibitors even though these are deemed DSB repair 71 

proficient. A notable point is that the effectiveness of radiosensitisation by PARP inhibitors may relate 72 

to their catalytic inhibition (IC50), PARP trapping potency (retaining PARP protein on the DNA strand 73 

break site), or the combination of both (19, 20). To this effect, it is known that veliparib is a relatively 74 

weak PARP trapper whereas increasing trapping ability is observed with olaparib, but more so 75 

talazoparib is deemed a strong PARP trapper (21, 22). However, the comparative ability of different 76 

PARP inhibitors to radiosensitise HNSCC cells and 3D spheroid models has not been studied in detail. 77 

In this study, we have developed 3D spheroid models of HPV-positive and HPV-negative OPSCC 78 

and analysed their growth in response to x-rays (photons) but also proton irradiation. We demonstrate 79 

that HPV-positive OPSCC grown as 3D spheroids are more radiosensitive, compared with HPV-80 

negative OPSCC spheroids, and that this correlates with slower rates of DSB repair. Subsequently, we 81 

show that radiosensitivity of OPSCC spheroids can be increased by PARP inhibition (olaparib and 82 

talazoparib), particularly within a larger number of relatively radioresistant HPV-negative HNSCC 83 

spheroids, and that this is evident in response to both x-rays and protons. Given that 3D spheroid 84 

models act as more representative models of the original patient tumour, this research suggests that 85 
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PARP inhibition in combination with radiotherapy should be investigated further as an effective 86 

combinatorial treatment for HNSCC and particularly for HPV-negative disease.  87 

METHODS AND MATERIALS 88 

Cell lines and culture conditions 89 

HPV-positive OPSCC cells (UPCI-SCC090 and UPCI-SCC154) were kindly provided by Dr. S. 90 

Gollin, University of Pittsburgh. HPV-negative OPSCC cells (UMSCC6, UMSCC74A) and those from 91 

the larynx (UMSCC11B, UMSCC17A) were kindly provided by Prof. T. Carey, University of 92 

Michigan, USA. HPV-negative HNSCC cells from the salivary gland (A253) and hypopharynx 93 

(Detroit 562, FaDu) originated from ATCC (Teddington, UK). All cells, apart from UPCI-SCC090, 94 

UPCI-SCC154, Detroit 562 and FaDu (which were cultured in Minimal Essential Medium (MEM)), 95 

were routinely cultured as monolayers in Dulbecco’s Modified Eagle Medium (DMEM) with 10 % 96 

fetal bovine serum, 1× non-essential amino acid, 2 mM L-glutamine and 1× penicillin-streptomycin. 97 

All cell lines were maintained and incubated in 5 % CO2 at 37 oC, and were authenticated in our 98 

laboratory by STR profiling. 99 

Spheroid growth assay 100 

Cells were seeded at 500-1000 cells/well in triplicate in 100 µl Advanced MEM (Gibco Life 101 

Technologies) containing 1 % B27 supplement, 0.5 % N2 supplement, 2 mM L-glutamine, 1× 102 

penicillin-streptomycin, 5 µg/ml heparin, 20 ng/µl epithermal growth factor (EGF) and 10 ng/µl 103 

fibroblast growth factor (FGF) in 96-well ultra-low attachment plates (Corning B.V. Life Sciences, 104 

Amsterdam, The Netherlands). After 24 h, the PARP inhibitors olaparib (AZD2281; Selleckchem, 105 

Munich, Germany) and talazoparib (BMN673; AbMole bioscience, Brussels, Belgium) were added to 106 

a concentration of 0.1 µM to the spheroids. After another 24 h at which the spheroids were ~200 µm 107 

in size, they were subsequently irradiated using a CellRad x-ray irradiator (Faxitron Bioptics, Tucson, 108 

USA) at a dose rate of ~3 Gy/min, or alternatively with a passive scattered horizontal proton beam line 109 

of 60 MeV maximal energy at a dose rate of ~5 Gy/min as previously described (23, 24). Higher doses 110 

of protons versus photons were comparatively used due to positioning of spheroids at the entrance dose 111 

of a pristine (unmodulated) beam (~1 keV/µm). Immediately following irradiation, 50 µl culture media 112 

was removed and replaced by 50 µl fresh media (without inhibitor). The growth of spheroids was 113 

monitored up to 15 days post-seeding by image capture using the EVOS M5000 Imaging System (Life 114 

Technologies, Paisley, UK). The diameter (d) of the spheroids was measured by using ImageJ and 115 

which was converted into spheroid volume (V) by using the formula V= 4/3×π(d/2)3. 116 

Spheroid neutral assays  117 

Spheroids were irradiated 48 h post-seeding with 4 Gy x-rays, and harvested at various time points (0-118 

240 min) post-IR. Spheroids (~10 per time point) were collected, centrifuged (1000 x g for 10 min at 119 

4°C), the supernatant was removed, and spheroids were washed with PBS. Spheroids were re-120 

centrifuged and resuspended in 1x trypsin-EDTA for ~2 min at 37°C until single cells were generated, 121 

and diluted to ~1105 cells/ml using cell culture media. The neutral comet assay was then used for 122 

measurement of the levels of DSBs, similar to that previously described (9). In brief, the cell suspension 123 

(20 µl) was mixed with 80 µl 1 % low melting point agarose (Bio-Rad, Hemel Hempstead, UK) in PBS 124 

(molten and kept at 35°C) and embedded on a microscope slide precoated with 1 % normal melting 125 

point agarose that had allowed to dry overnight. A 22 x 22 mm coverslip was added and the slide placed 126 

on to allow the agarose to set. Cell lysis was then performed by removing the coverslips and adding 127 

the slides to staining jars containing fresh cold lysis buffer (2.5 M NaCl, 100 mM EDTA disodium salt, 128 
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10 mM Tris base, 1 % N-lauroylsarcosine, 1 % DMSO and 1 % (v/v) Triton X-100; pH 9.5) and kept 129 

for at least 1 h at 4°C. Slides were then transferred to a dark comet assay tank (Appleton Woods, 130 

Birmingham, UK), and covered with fresh cold electrophoresis buffer containing 1  TBE (90 mM 131 

Tris-borate, 2 mM EDTA, pH 8.3) to allow the DNA to unwind. Electrophoresis was then performed 132 

at 25 V, ~15 mA for 25 min. Slides were removed from the comet assay tank and washed three times 133 

with 1  PBS (5 min each each) before being allowed to air dry overnight. Slides were rehydrated in 134 

dH2O (pH 8.0) for 30 min, the DNA was stained with SYBR Gold (Life Technologies, Paisley, UK) 135 

diluted 1:20,000 in dH2O (pH 8.0) for 30 min, and then slides left to air dry again overnight. Comets 136 

were visualised using an Olympus fluorescent microscope with a Photometrics CoolSNAP HQ2 CCD 137 

camera, and images were captured using MicroManager Software. Images of comets were analysed 138 

using Komet 6.0 image analysis software (Andor Technology, Belfast, Northern Ireland) to determine 139 

% tail DNA values. Experimental data was collected from at least three independent, biological 140 

experiments. 141 

Immunoblotting and immunofluorescent staining 142 

Whole cell extracts were prepared from HNSCC cells and analysed by immunoblotting as previously 143 

described (9). RAD51 antibodies were from Bethyl Laboratories (Montgomery, USA), ATR antibodies 144 

were from Abcam (Cambridge, UK), CHK1 antibodies were from Cell Signalling Technology (Leiden, 145 

The Netherlands) and actin antibodies were from Merck-Sigma (Gillingham, UK). For 146 

immunofluorescent staining of RAD51, cells were grown on 13 mm coverslips, unirradiated or 147 

irradiated with 4 Gy x-rays and allowed to repair for 4 h in 5 % CO2 at 37 oC, prior to fixing and staining 148 

as previously described (9). 149 

Statistical analysis 150 

All experiments were performed in at least triplicate as separate independent, biological experiments 151 

and expressed as mean ± standard deviations. Changes in growth of spheroids post-irradiation, in the 152 

absence or presence of PARP inhibition, was analysed by determining the fold increase in spheroid 153 

volume between days 3 and 11 (protons) or 12 (x-rays) post-seeding in the DMSO control, versus the 154 

fold increases following treatment. Statistical analysis of DSBs quantified through neutral comet 155 

assays, and RAD51 foci through immunofluorescent staining, was performed using a one-sample t-156 

test. 157 

RESULTS 158 

HPV-positive are more radiosensitive than HPV-negative OPSCC spheroids to x-ray radiation 159 

We have previously demonstrated the radiosensitivity of HPV-positive OPSCC cells grown as 160 

monolayers is higher than the corresponding HPV-negative cells, largely due to the defective efficiency 161 

in repair of DNA DSBs post-irradiation (9). This has been replicated in other studies (10, 11). To 162 

examine if this phenotype is recaptulated in 3D spheroid models, we used three of the four same 163 

OPSCC cell lines used in our previous study, and where expression of p16 as a marker of E6 and E7 164 

oncogenes in HPV-positive cells was confirmed (note that UMSCC47 cells, which routinely did not 165 

form or grow spheroids, were replaced with UPCI-SCC154). The initial observations were that the 166 

spheroids from the HPV-negative cells (UMSCC6 and UMSCC74A) grew linearly up to 10-12 days 167 

post-seeding, where they increased in volume by 9.4-12.2-fold, and growth subsequently ceased from 168 

day 12 onwards (Supplementary Figure 1A-B). In response to a single dose of x-ray (photon) 169 

irradiation, the growth of the HPV-negative OPSCC spheroids was reduced by 30-46 % at 1 Gy, 45-170 

60 % at 2 Gy, and there was limited spheroid growth following a dose of 5 Gy. In contrast, the spheroids 171 
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from the HPV-positive cells (UPCI-SCC090 and UPCI-SCC154) displayed different growth 172 

characteristics. UPCI-SCC090-derived spheroids had delayed growth but which started to increase 173 

linearly from day 8 post-seeding onwards, and reached an 11-fold increase in volume by day 15 174 

(Supplementary Figure 1C). However, UPCI-SCC154-derived spheroids only grew ~1.6-fold in 175 

volume from 10-15 days post-seeding (Supplementary Figure 1D). Despite these differential growth 176 

kinetics in comparison to HPV-negative OPSCC spheroids, HPV-positive OPSCC spheroid growth 177 

was signficantly inhibited by a single 1 Gy dose of x-rays, and completely inhibited by either a 2 Gy 178 

or 5 Gy dose (Supplementary Figure 1C-D). 179 

In order to directly compare the radiosensitivity of HPV-negative (UMSCC6 and UMSCC74A) and 180 

HPV-positive (UPCISCC090 and UPCISCC154) OPSCC spheroids, the rate in growth of spheroid 181 

volume between days 3 and 12 (when all spheroid models were still actively growing) was calculated 182 

following each dose of photon radiation, and normalised against the unirradiated controls (set to 1.0). 183 

This demonstrated that the spheroid radiosensitivity, as a function of growth, was generally in the order 184 

UMSCC6>UMSCC74A>UPCISCC090>UPCISCC154 (Figure 1A). These data are very similar to 185 

that which we previously acquired using clonogenic survival assays (9), but which further show that 186 

HPV-negative OPSCC cells grown as 3D spheroids are comparatively more radioresistant than those 187 

from HPV-positive cells. In addition to measuring spheroid growth, we analysed the DSB repair 188 

efficacy of OPSCC cells grown as 3D spheroids following photon irradiation. Spheroids from each cell 189 

line were harvested at 0-240 min post-irradiation, disrupted using trypsin, and the single cells thus 190 

generated processed using neutral comet assays to quantify the levels and repair of DSB damage (note 191 

the ~12 min sample processing time at 4°C which should be taken into account in regards to these 192 

stated analysis times). Following normalisation of the data immediately post-irradiation (set to 100 %), 193 

it was observed that DSB levels (expressed as % tail DNA) of cells from HPV-negative OPSCC 194 

spheroids (UMSCC6 and UMSCC74A), were gradually reduced over the 240 min time period at which 195 

point the levels were similar to those in the unirradiated control (Figure 1B-C). It should be noted that 196 

the DSB levels in the control (unirradiated) samples were relatively high (~40 % tail DNA) due to both 197 

the action of the trypsin required to effectively disrupt the spheroids into single cells, but also that these 198 

are relative to those in the irradiated samples after data normalisation. In contrast we observed in cells 199 

from HPV-positive OPSCC spheroids (UPCI-SCC090 and UPCI-SCC154) that the levels of DSBs still 200 

remained high at 2 and 4 h post-irradiation, and were significantly different from DSB levels in cells 201 

from HPV-negative OPSCC spheroids (UMSCC6 and UMSCC74A) (Figure 1B-C). This demonstrates 202 

reduced repair efficiency of radiation-induced DSBs in the HPV-positive OPSCC spheroids compared 203 

with their HPV-negative counterparts, which reproduces previously shown evidence using monolayer 204 

cells. 205 

Olaparib enhances the radiosensitivity of selective HPV-negative HNSCC spheroids 206 

We examined whether the radiosensitivity of both HPV-negative and HPV-positive OPSCC spheroids 207 

could be enhanced with the PARP inhibitor, olaparib. The inhibitor (0.1 µM) was added to the 208 

spheroids 24 h post-seeding, a concentration that was effective at supressing radiation-induced 209 

poly(ADP-ribosyl)ation (Supplementary Figure 2A). After 24 h incubation, the spheroid was irradiated 210 

with a single dose of x-rays (1 or 2 Gy), and growth rates of all OPSCC spheroids were monitored up 211 

to 12-15 days post-seeding. We observed that olaparib alone was able to supress the growth of HPV-212 

negative OPSCC 3D spheroids (UMSCC6 and UMSCC74A) by 1.1-1.6-fold (Figure 2A-B, Table 1, 213 

Supplementary Figure 3). However in combination with irradiation, olaparib was also able to 214 

effectively supress growth by 1.5-2.2-fold (1 Gy) and by 1.3-1.6-fold (2 Gy) compared against the 215 

respective DMSO treated spheroids. The data was further analysed by measuring the fold decrease in 216 

spheroid volume relative to the dose of radiation, as a demonstration of radiosensitivity enhancement 217 

through synergy with PARP inhibition. This revealed that only UMSCC74A spheroids were 218 
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significantly radiosensitised in a synergistic manner particularly at a 1 Gy dose of x-rays in 219 

combination with olaparib, whereas there was no difference in enhanced radiosensitisation of 220 

UMSCC6 spheroids (Figure 3A-B). In terms of HPV-positive OPSCC spheroids, olaparib alone 221 

appeared to have an impact on inhibiting the growth of, particularly the UPCI-SCC154 spheroids where 222 

a 3.6-fold reduction in growth was observed (Figure 2C-D, Table 1, Supplementary Figure 3). 223 

Although in combination with irradiation, olaparib had a relatively reduced impact on HPV-positive 224 

OPSCC spheroid growth. This is evidenced by reductions in growth by only 1.3-fold (1 Gy) and by 225 

1.1-1.5-fold (2 Gy). Overall, this demonstrates the inherent increased radiosensitivity of the HPV-226 

positive OPSCC models. This is also despite the HPV-positive OPSCC cells containing comparatively 227 

higher protein levels of PARP-1 (Supplementary Figure 2B), which we’ve also observed previously 228 

(9).  229 

Given the known relative radioresistance of HPV-negative OPSCC cells and our observation that this 230 

is preserved in 3D spheroids, we extended our study by using spheroids grown from additional HPV-231 

negative cell lines originating from the larynx (UMSCC11B and UMSCC17A), salivary gland (A253) 232 

and hypopharynx (Detroit 562 and FaDu), and examined their radiosensitivity in combination with 233 

olaparib. The two laryngeal spheroid models grew to different sizes over the 15 day period, either 3.3-234 

fold (UMSCC17A) or 19.3-fold (UMSCC11B) (Figure 4A-B). Nevertheless, olaparib alone was able 235 

to supress the growth of laryngeal spheroids moderately by only 1.1-1.4-fold, but importantly olaparib 236 

enhanced the impact of x-ray irradiation in supressing growth of both UMSCC11B and UMSCC17A 237 

spheroids by 1.3-1.9-fold (1 Gy) and by 1.3-4.6-fold (2 Gy) compared against the respective DMSO 238 

treated spheroids (Figure 4A-B, Table 2, Supplementary Figure 4). Using spheroids derived from cells 239 

of the salivary gland (A253), growth again was only moderately affected (1.1-fold) by olaparib alone, 240 

although this enhanced the response to irradiation (1.3-1.4-fold at 1 and 2 Gy) (Figure 4C, Table 2, 241 

Supplementary Figure 4). In contrast, spheroids derived from HPV-negative cells from the 242 

hypopharynx (Detroit 562 and FaDu), showed no sensitivity to olaparib only, and olaparib had a 243 

relatively minor impact on x-ray radiosensitivity (1.0-1.3-fold inhibition at 1 and 2 Gy) (Figure 4D-E, 244 

Table 2, Supplementary Figure 4). It was noticable that both these hypopharyngeal cell lines contained 245 

comparatively lower PARP-1 protein levels that all of the others analysed (Supplementary Figure 2B). 246 

Interestingly, analysis of the TCGA database demonstrates that parp1 mRNA expression is generally 247 

higher in HNSCC than normal tissues, but there is no statistical difference in expression across different 248 

HNSCC tumour sites (Supplementary Figure 5A-B). Nevertheless, analysis of fold decreases in 249 

spheroid volume relative to radiation dose to analyse for synergy with PARP inhibition, further 250 

revealed significant radiosensitivity enhancement of UMSCC11B and A253 spheroids by olaparib, 251 

whereas there was only a mild impact of the treatment on FaDu (significant at 2 Gy dose only), and on 252 

Detroit 562 spheroids (significant at 1 Gy dose only; Figure 3C-F). 253 

Talazoparib additively enhances the radiosensitivity of HPV-negative HNSCC spheroids 254 

The effectiveness of PARP inhibition in sensitising cells has been linked to the PARP trapping potency, 255 

therefore we examined the impact of the strong PARP trapper talazoparib in enhancing the 256 

radiosensitivity of HNSCC cells grown as 3D spheroids, focussing on the HPV-negative HNSCC 257 

spheroids due to their inherent radioresistance. In terms of OPSCC spheroids, talazoparib alone at the 258 

concentration tested (0.1 µM) had a dramatic impact on UMSCC74A spheroids where growth was 259 

almost completely supressed (Figure 5A, Supplementary Figure 6), whereas the growth inhibition (2.2-260 

fold) in UMSCC6 spheroids was comparatively less (Figure 5B, Table 2, Supplementary Figure 6). 261 

Talazoparib was able to enhance the radiosensitivity of UMSCC6 spheroids, and where growth was 262 

reduced by 1.8-2.4 fold (at 1 and 2 Gy) compared against the respective DMSO treated spheroids. For 263 

the laryngeal spheroid model (UMSCC11B), growth was again significantly reduced by talazoparib 264 

only (by 7.7-fold) but there was marked enhancement in radiosensitivity with the combination of 265 
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talazoparib and x-rays evident by the 6.6-fold (1 Gy) and 5.6-fold (2 Gy) growth inhibition (Figure 5C, 266 

Table 2, Supplementary Figure 6). Using spheroids derived from salivary gland cells (A253), growth 267 

was inhibited by 1.7-fold by talazoparib alone, but also talazoparib led to increased growth inhibition 268 

following irradiation (1.6-fold at 1 Gy and 2.0-fold at 2 Gy) (Figure 5D, Table 2, Supplementary Figure 269 

6). Growth of spheroids derived from HPV-negative cells from the hypopharynx (Detroit 562 and 270 

FaDu) was only inhibited by 1.1-1.3-fold in the presence of talazoparib only, whereas this enhanced 271 

sensitivity to x-ray radiation (1.2-1.5-fold inhibition at 1 Gy and 1.2-2.7-fold inhibition at 2 Gy) (Figure 272 

5E-F, Table 2, Supplementary Figure 6). However, these observed fold changes in radiosensitivity are 273 

relative to the data being compared (e.g. spheroids treated with DMSO and 1 Gy versus inhibitor and 274 

1 Gy) and do not take into account the effect of the inhibitor alone. This is reflected in the analysis of 275 

fold decreases in spheroid volume relative to radiation dose to analyse for synergy with PARP 276 

inhibition, which revealed only significantly enhanced radiosensitivity of FaDu spheroids by 277 

talazoparib, whereas there was no impact on the other HPV-negative spheroids (Figure 6A-E). This 278 

demonstrates that talazoparib largely acts in an additive manner in enhancing radiosensitivity. 279 

Olaparib and talazoparib enhance the radiosensitivity of HPV-negative HNSCC spheroids to 280 

proton beam therapy 281 

We extended our observations of the impact of the PARP inhibitors olaparib and talazoparib in 282 

radiosensitising HPV-negative HNSCC 3D spheroids by examining the effects in response to proton 283 

beam therapy, which is a precision targeted modality that is increasing being utilised for the treatment 284 

of HNSCC patients (25, 26). In OPSCC spheroids (UMSCC74A and UMSCC6), olaparib in 285 

combination with protons was able to supress spheroid growth by 1.2-1.3-fold (at 2 Gy) and 1.3-1.4-286 

fold (at 4 Gy) compared against the respective DMSO treated spheroids (Figure 7A-B, Table 3, 287 

Supplementary Figure 7). In the laryngeal (UMSCC11B) and salivary gland (A253) spheroid models, 288 

growth was similarly reduced by 1.3-fold (2 Gy) and 1.6-1.7-fold (4 Gy) following the combination of 289 

both olaparib and proton irradiation (Figure 7C-D, Table 3, Supplementary Figure 7). Spheroids 290 

derived from HPV-negative cells from the hypopharynx were radiosensitised to different extents in the 291 

presence of olaparib. Spheroid growth was inhibited in Detroit 562 models by 1.2-fold (at 2 Gy) and 292 

1.4-fold (at 4 Gy), whereas sensitivity to the combination of olaparib and proton irradiation in the FaDu 293 

spheroid models was observed to be higher through a 1.4-fold (at 2 Gy) and 2.4-fold (at 4 Gy) inhibition 294 

(Figure 7E-F, Table 3, Supplementary Figure 7). Analysis of fold decreases in spheroid volume relative 295 

to proton dose revealed significantly enhanced radiosensitivity of UMSCC74A, UMSCC11B, A253 296 

and FaDu spheroids by olaparib in a synergistic manner, whereas there was no impact on UMSCC6 297 

and Detroit 562 spheroids (Figure 8). 298 

In OPSCC spheroids (UMSCC74A and UMSCC6), talazoparib alone was again notably effective in 299 

significantly inhibiting growth of these models. In combination with protons, talazoparib was able to 300 

suppress growth of UMSCC6 spheroids by 2.6 and 3.1-fold (at 2 and 4 Gy) compared against the 301 

respective DMSO treated spheroids, therefore working additively in enhancing radiosensitivity (Figure 302 

9A-B, Table 4, Supplementary Figure 8). In the laryngeal (UMSCC11B) spheroids, growth was 303 

markedly inhibited by 1.8-fold (2 Gy) and 2.4-fold (4 Gy) and similarly in salivary gland (A253) 304 

spheroid models, growth was reduced by 1.4-fold (2 Gy) and 3.0-fold (4 Gy) following the combination 305 

of both talazoparib and proton iradiation (Figure 9C-D, Table 3, Supplementary Figure 8). 306 

Interestingly, both spheroid models derived from the hypopharynx (FaDu and Detroit 562) displayed 307 

markedly enhanced sensitivity to proton irradiation in the presence of talazoparib. Spheroid growth 308 

inhibition of 2.8-3.6-fold (FaDu) and 2.3-3.1-fold (Detroit 562) were observed at 2-4 Gy (Figure 9E-309 

F, Table 3, Supplementary Figure 8). These data are supported by analysis of fold decreases in spheroid 310 

volume relative to proton dose, which demonstrate enhanced radiosensitivity of the majority of the 311 

spheroid models in a synergistic manner, apart from UMSCC74A where talazoparib is a potent 312 
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inhibitor of spheroid growth alone. Indeed, there was an observed significant radiosensitisation of 313 

UMSCC11B, A253, Detroit 562 and FaDu spheroids synergistically by talazoparib (Figure 10A-E). 314 

Enhanced sensitivity of HPV-negative HNSCC spheroids to PARP inhibition appears to 315 

correlate with HR deficiency 316 

PARP inhibitors are well established to be effective in the killing of HR-deficient cells and tumours 317 

via synthetic lethality (16, 17). We therefore predicted that the effectiveness of olaparib and 318 

talazoparib, particularly alone but also in combination with irradiation, in supressing growth of HPV-319 

negative HNSCC spheroids is linked to their efficiency of HR. Notably, we observed from the above 320 

experiments that the growth of UMSCC74A, UMSCC11B and to some extent UMSCC6 spheroids 321 

were sensitive to PARP inhibition alone, whereas FaDu, Detroit 562 and to a lesser extent A253 322 

spheroids were relatively insensitive. Using immunoblotting, we demonstrate that the levels of the key 323 

HR protein RAD51 are higher (by 2.9-4.9-fold) in FaDu, Detroit 562 and A253 cells that show PARP 324 

inhibitor resistance, compared to UMSCC74A and UMSCC11B cells that are PARP inhibitor sensitive 325 

(Figure 11A). The protein levels of the signalling enzymes ATR and CHK1 are also relatively higher 326 

in these cells (specifically, ATR is 1.4-3.6-fold higher in FaDu and Detroit 562 compared to 327 

UMSCC74A and UMSCC11B cells, whereas CHK1 is 1.5-2.9-fold higher in FaDu, Detroit 562 and 328 

A253 compared to UMSCC74A and UMSCC11B cells). We also show that the numbers of RAD51 329 

foci/cell in unirradiated cells, as well as in cells 4 h post-irradiation (with 4 Gy), are significantly higher 330 

in FaDu and A253 cells compared to other cells including UMSCC74A and UMSCC11B that show 331 

PARP inhibitor sensitivity (Figure 11B-C; note that RAD51 foci were not analysed in Detroit 562 due 332 

to cell clumping during growth). However surprisingly, UMSCC6 shows a high baseline and radiation-333 

induced level of RAD51 foci/cell using this assay. Nevertheless, these data indicate that the sensitivity 334 

of HNSCC cells to PARP inhibition correlates with key protein levels and efficiency of HR. 335 

DISCUSSION 336 

It is clear that patients with HPV-positive OPSCC, in comparison to HPV-negative disease, have 337 

an increased response to radiotherapy which leads to an improvement in prognosis and survival rate 338 

(5-8). This difference in treatment response has also been observed in cell lines grown as monolayers 339 

derived from the respective patients, and furthermore that the increased radiosensitivity of HPV-340 

positive OPSCC has been demonstrated to be as a consequence of defects in the repair of DNA DSBs 341 

(9-12). Studies have therefore suggested that PARP inhibitors can be utilised to further radiosensitise 342 

HPV-positive OPSCC cells as a consequence of the persistence of DSBs, although data has 343 

interestingly also revealed this to be an effective approach in cells from HPV-negative HNSCC even 344 

though these are DSB repair proficient (reviewed in (18)). Despite this, there is little preclinical 345 

evidence supporting the impact of PARP inhibitors in combination with different radiation modalities 346 

(photons and protons), and utilising 3D HNSCC models that more accurately reflect the structure and 347 

the treatment of the original tumour. In this study, we have now examined the comparative effect of 348 

photons (x-rays) on 3D spheroid models of HPV-positive and HPV-negative OPSCC, and also the 349 

impact of the PARP inhibitors olaparib and talazoparib in sensitising an extended panel of 350 

radioresistant HPV-negative HNSCC models to both photons and proton beam therapy. 351 

We discovered that similar to cells grown as monolayers, growth of two separate 3D spheroid 352 

models of HPV-positive OPSCC was more greatly inhibited by x-ray irradiation than two respective 353 

HPV-negative OPSCC models, demonstrating their increased radiosensitivity. Despite this, we 354 

observed that spheroids derived from HPV-positive OPSCC grew very slowly, reflecting their slow 355 

growth also as monolayers, and one of the models (UPCI-SCC154) only grew ~1.6-fold in volume 356 

over a 15 day period compared to the others used, limiting its accurate evaluation. We were however 357 

able to show using neutral comet assays that the DSB repair capacity of two HPV-positive OPSCC 358 
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grown as spheroids in response to x-rays was significantly reduced compared to HPV-negative 359 

OPSCC. This demonstrates that the HPV-positive OPSCC cells grown as 3D spheroid models still 360 

retain inherent deficiencies in DSB repair, and which has been observed in a number of studies using 361 

monolayer cells utilising both comet assays and analysis of DSB surrogate markers such γH2AX and 362 

53BP1 via immunofluorescence microscopy (9-11). 363 

In addition to observed differences in radiosensitivity based on HPV status, we have shown that 364 

the growth of relatively radioresistant OPSCC cells (UMSCC74A and UMSCC6) as 3D spheroids 365 

could be inhibited (by 1.3-2.2-fold dependent on the model and dose of x-rays used) in the presence of 366 

the PARP inhibitor olaparib. Assessment of the synergy of PARP inhibition with x-ray irradiation 367 

however, revealed that only UMSCC74A was significantly radiosensitised synergistically, whereas in 368 

UMSCC6 increased radiosensitisation was largely additive. In comparison, none of the two HPV-369 

positive OPSCC spheroid models showed synergistic radiosensitisation through PARP inhibition. This 370 

reflects our previous data using clonogenic assays to measure cell survival post-irradiation in the 371 

presence of olaparib, where we observed a greater radiosensitisation of HPV-negative OPSCC (9). In 372 

contrast, it has previously been shown that the PARP inhibitor veliparib appears to have a greater effect 373 

on radiosensitising the HPV-positive OPSCC cells UMSCC47 and UPCI-SCC154 compared to the 374 

HPV-negative UMSCC1 cell line (10). Additionally, three HPV-positive OPSCC cells (UMSCC47, 375 

UPCI-SCC154 and UPCI-SC104) appeared to show higher radiosensitisation to veliparib compared to 376 

three HPV-negative HNSCC cells (SQD9, SC263 and CAL27) (27). It should be noted though that 377 

these studies utilised veliparib, which a weaker PARP trapper than olaparib or talazoparib. Also that 378 

the HPV-negative cell lines used were from different tumour origins (salivary gland and larynx) rather 379 

than the specific and comparative oropharyngeal cells used at this point in our study which may explain 380 

the discrepancies. To this effect, we observed that HPV-negative HNSCC cells from the larynx, 381 

salivary gland and hypopharynx displayed differential radiosensitisation with x-rays in the presence of 382 

olaparib, suggesting tumour cell line variability in the response to the combination treatment. For 383 

example, spheroids from UMSCC11B (larynx) were radiosensitised in the presence of olaparib, in a 384 

synergistic manner, whereas FaDu and Detroit 562 (hypopharynx) were relatively insensitive to the 385 

combination treatment. In fact, these less responsive spheroid models to radiosensitisation through 386 

PARP inhibition were found to contain comparatively lower PARP-1 protein levels, but more 387 

importantly we discovered increased protein levels and foci of the key HR factor RAD51 compared to 388 

the other cells analysed. The variability in response is supported by another study in HPV-negative 389 

HNSCC cells (28) and which similarly proposed that the impact of PARP inhibition on 390 

radiosensitisation is dependent on the HR proficiency of the cells. Interestingly, downregulation of the 391 

receptor tyrosine kinase AXL has been suggested to enhance the response of HNSCC cells (584 and 392 

1386-LN), as well as breast and lung cancer cells, to olaparib and which was linked with reduced levels 393 

of RAD51 foci and decreased HR efficiency (29). However the impact of PARP inhibition in 394 

combination with ionising radiation was not investigated. Additionally, the effectiveness of PARP 395 

inhibition in the radiosensitisation of HNSCC cells and tumours has been linked with SMAD4 involved 396 

in TGF signalling, and where SMAD4-deficient models were shown to be more responsive to the 397 

combined treatment (30). Interestingly and on TCGA analysis, this study also found a correlation 398 

between decreased smad4 and lower fanc/brca gene expression suggestive of a “BRCAness” 399 

phenotype. Collectively though, this further demonstrates that more detailed mechanism of action 400 

studies need to be performed to fully understand the key driving factors leading to enhanced 401 

radiosensitisation of HNSCC cells through PARP inhibition.  402 

Focussing on relatively radioresistant HPV-negative HNSCC spheroid models from different 403 

tumour origins, we analysed the comparative radiosensitisation properties of olaparib and talazoparib, 404 

the latter of which is characterised as a strong PARP trapper (21, 22). Whilst we found that talazoparib 405 

alone was generally more effective in preventing 3D spheroid growth, and particularly toxic to HPV-406 

negative OPSCC spheroids (UMSCC74A and UMSCC6), we found no overall strong evidence that 407 
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this led to significantly enhanced radiosensitisation of all HPV-negative HNSCC spheroid models in 408 

response to x-ray irradiation in a synergistic manner. This would indicate that PARP trapping is not a 409 

critical factor in driving enhanced radiosensitivity of HNSCC models, and that inhibition of poly(ADP-410 

ribosyl)ation activity itself (in addition to HR proficiency of the cells) is likely the major determinant 411 

through which impact on spheroid growth is achieved in combination with x-ray irradiation. 412 

Interestingly, there appeared to be greater differences with the effectiveness of olaparib versus 413 

talazoparib in response to proton irradiation. Here we observed that talazoparib in combination with 414 

protons led to a more profound synergistic inhibition of growth of HPV-negative HNSCC spheroids 415 

than that achieved with olaparib, particularly of those derived from the hypopharynx (FaDu and Detroit 416 

562). The reason behind this difference is currently unclear, but could possibly relate to the changes in 417 

DNA damage profile or cellular response to the different radiation modalities (31). To this effect, we 418 

have recently shown using similar cell lines employed in this study, that these display some degree of 419 

variability both in terms of clonogenic survival and 3D spheroid growth following photon versus proton 420 

irradiation, and similarly differential responses to inhibitors against the DSB repair proteins ATM, 421 

ATR and DNA-Pk also exist (32). We have also shown in this study that there is increased expression 422 

of HR factors (RAD51, ATR and CHK1) in cells resistant to the combination of olaparib and IR 423 

(photons and protons). Furthermore, we have shown that monolayer cells, albeit irradiated at the distal 424 

end of the Bragg peak with relatively high-linear energy transfer protons, generate complex DNA 425 

damage that has a strong dependence on the involvement of PARP-1 for their repair (23, 24). 426 

Cumulatively, these studies would suggest that the DNA damage profile and efficiency of the cellular 427 

DDR mediated by the DSB repair pathways NHEJ and HR, but also the reliance on one of these 428 

pathways, may be responsible for the difference in effectiveness of talazoparib versus olaparib in 429 

combination with protons in the current study. However, it is possible that this also could be mediated 430 

through differences in metabolism and cell death activation which PARP proteins also critically play 431 

a role in (33), but which nevertheless requires further investigation. In addition to this, our ongoing 432 

experiments aim to examine the impact of PARP inhibition both alone, but particularly on the 433 

radiosensitisation of patient-derived HNSCC organoids, with a view to providing more preclinical 434 

evidence that this is a strategy that could be taken forward for future benefit of HNSCC patients. 435 
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FIGURE LEGENDS 545 

Figure 1. Analysis of the efficiency of repair of radiation-induced DSBs in HPV-positive and 546 
HPV-negative OPSCC spheroids. (A) Spheroids were allowed to develop for 48 h in ultra-low 547 

attachment plates, and then unirradiated or irradiated (1, 2 or 5 Gy) on day 3 with a single dose of x-548 

rays. The rate in growth of HPV-negative OPSCC spheroids (UMSCC6 and UMSCC74A) and HPV-549 

positive OPSCC spheroids (UPCI-SCC090 and UPCI-SCC154) measured by microscopy from day 3 550 

to day 10 was calculated following each dose of radiation, and normalised against the unirradiated 551 

controls (set to 1.0). Data was analysed from three biologically independent experiments. (B, C) 552 

Spheroids were allowed to develop for 48 h in ultra-low attachment plates, and then unirradiated or 553 

irradiated (5 Gy) with a single dose of x-rays. Spheroids were harvested at the relevant time points 554 

post-irradiation (60-240 min), trypsinised into single cells and DSB levels measured using the neutral 555 

comet assay. (B) Shown is the mean % tail DNA with standard deviations from three independent 556 

biological experiments, normalised to the DNA DSBs levels at 0 min post-IR, which was set to 100 %. 557 

*p<0.02, **p<0.01, ***p<0.005 as analysed by a one sample t-test. (C) Representative images of cells 558 

derived from OPSCC spheroids acquired from unirradiated controls and immediately or 240 min post-559 

IR, visualised by the neutral comet assay. 560 

Figure 2. Impact of olaparib on the radiosensitivity and growth of HPV-negative and HPV-561 
positive OPSCC spheroids. Spheroids were allowed to develop for 24 h in ultra-low attachment 562 

plates, treated with DMSO or olaparib (0.1 µM) for a further 24 h, and then unirradiated or irradiated 563 

(1 or 2 Gy) on day 3 with a single dose of x-rays. Growth of (A, B) HPV-negative OPSCC spheroids 564 

(UMSCC6 and UMSCC74A) and (C, D) HPV-positive OPSCC spheroids (UPCI-SCC090 and UPCI-565 

SCC154) was measured by microscopy up to 15 days post-seeding and analysed from three biologically 566 

independent experiments. 567 

Figure 3. Impact of olaparib on the enhancement of the radiosensitivity of HPV-negative HNSCC 568 
spheroids. (A-F) The fold growth of HPV-negative HNSCC spheroids from day 3-12 post-seeding 569 

was determined relative to the x-ray radiation dose, and this was normalised to the unirradiated control 570 

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. 571 

Figure 4. Impact of olaparib on the radiosensitivity and growth of HPV-negative HNSCC 572 
spheroids. Spheroids were allowed to develop for 24 h in ultra-low attachment plates, treated with 573 

DMSO or olaparib (0.1 µM) for a further 24 h, and then unirradiated or irradiated (1 or 2 Gy) on day 574 

3 with a single dose of x-rays. Growth of spheroids derived from cells from (A, B) the larynx 575 

(UMSCC17A and UMSCC11B), (C) the salivary gland (A253) and (D, E) the hypopharynx (Detroit 576 

562 and FaDu) were measured by microscopy up to 15 days post-seeding and analysed from three 577 

biologically independent experiments. 578 
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Figure 5. Impact of talazoparib on the radiosensitivity and growth of HPV-negative HNSCC 579 
spheroids. Spheroids were allowed to develop for 24 h in ultra-low attachment plates, treated with 580 

DMSO or talazoparib (0.1 µM) for a further 24 h, and then unirradiated or irradiated (1 or 2 Gy) on 581 

day 3 with a single dose of x-rays. Growth of spheroids derived from cells from (A, B) the oropharynx 582 

(UMSCC74A and UMSCC6), (C) the larynx (UMSCC11B), (D) the salivary gland (A253) and (E, F) 583 

the hypopharynx (Detroit 562 and FaDu) were measured by microscopy up to 12 days post-seeding 584 

and analysed from three biologically independent experiments. 585 

Figure 6. Impact of talazoparib on the enhancement of the radiosensitivity of HPV-negative 586 
HNSCC spheroids. (A-E) The fold growth of HPV-negative HNSCC spheroids from day 3-12 post-587 

seeding was determined relative to the x-ray radiation dose, and this was normalised to the unirradiated 588 

control which was set to 1.0. ****p<0.001 as analysed by a two sample t-test. 589 

Figure 7. Impact of olaparib on the radiosensitivity and growth of HPV-negative HNSCC 590 
spheroids in response to protons. Spheroids were allowed to develop for 24 h in ultra-low attachment 591 

plates, treated with DMSO or olaparib (0.1 µM) for a further 24 h, and then unirradiated or irradiated 592 

(2 or 4 Gy) on day 3 with a single dose of protons. Growth of spheroids derived from cells from (A, 593 

B) the oropharynx (UMSCC74A and UMSCC6), (C) the larynx (UMSCC11B), (D) the salivary gland 594 

(A253) and (E, F) the hypopharynx (Detroit 562 and FaDu) were measured by microscopy up to 13 595 

days post-seeding and analysed from three biologically independent experiments. 596 

Figure 8. Impact of olaparib on the enhancement of the radiosensitivity of HPV-negative HNSCC 597 
spheroids to protons. (A-F) The fold growth of HPV-negative HNSCC spheroids from day 3-11 post-598 

seeding was determined relative to the proton dose, and this was normalised to the unirradiated control 599 

which was set to 1.0. *p<0.05, **p<0.02, ****p<0.001 as analysed by a two sample t-test. 600 

Figure 9. Impact of talazoparib on the radiosensitivity and growth of HPV-negative HNSCC 601 
spheroids in response to protons. Spheroids were allowed to develop for 24 h in ultra-low attachment 602 

plates, treated with DMSO or talazoparib (0.1 µM) for a further 24 h, and then unirradiated or irradiated 603 

(1 or 2 Gy) on day 3 with a single dose of protons. Growth of spheroids derived from cells from (A, 604 

B) the oropharynx (UMSCC74A and UMSCC6), (C) the larynx (UMSCC11B), (D) the salivary gland 605 

(A253) and (E, F) the hypopharynx (Detroit 562 and FaDu) were measured by microscopy up to 13 606 

days post-seeding and analysed from three biologically independent experiments. 607 

Figure 10. Impact of talazoparib on the enhancement of the radiosensitivity of HPV-negative 608 
HNSCC spheroids to protons. (A-E) The fold growth of HPV-negative HNSCC spheroids from day 609 

3-11 post-seeding was determined relative to the proton dose, and this was normalised to the 610 

unirradiated control which was set to 1.0. **p<0.02, ***p<0.01, ***p<0.001 as analysed by a two 611 

sample t-test. 612 

Figure 11. Analysis of the protein levels of HR-related enzymes in HPV-negative HNSCC cells. 613 
(A) Whole cell extracts from HPV-negative HNSCC cells were prepared and analysed by 614 

immunoblotting with RAD51, CHK1, ATR or actin antibodies. The ratio of RAD51 relative to actin 615 

in the cell extracts, normalised to those in UMSCC74A cells which was set to 1.0, are shown. (B, C) 616 

RAD51 foci was analysed by immunofluorescent staining in unirradiated HNSCC cells, and at 4 h 617 

post-irradiation (4 Gy) with x-rays. (B) Shown is the mean number of foci/nucleus with standard 618 

deviations from three independent experiments. (C) Shown are representative images of RAD51 foci 619 

(green) within cell nuclei (blue). *p<0.05, **p<0.001, ***p<0.0001, as analysed by a one sample t-620 

test. 621 

Table 1. Olaparib enhances the sensitivity of HPV-negative OPSCC spheroids in response to x-ray 622 

irradiation. 623 
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Treatment UMSCC6 UMSCC74A UPCI-SCC090 UPCI-SCC154 

Olaparib 1.6±0.1 1.1±0.1 1.1±0.2 3.6±0.5 

Olaparib+1 Gy 1.5±0.2 2.2±0.3 1.3±0.1 1.3±0.1 

Olaparib+2 Gy 1.6±0.2 1.3±0.2 1.5±0.2 1.1±0.0 

Growth inhibition ratios (mean±S.D) comparing the fold increase in spheroid volume between 624 

days 3 and 12 following olaparib versus the appropriate DMSO controls (alone, or combination 625 

with x-rays) were calculated in HPV-negative and HPV-positive OPSCC spheroids. 626 

Table 2. Olaparib and talazoparib selectively enhance the sensitivity of HPV-negative HNSCC 627 

spheroids in response to x-ray irradiation. 628 

Treatment 
UMSCC

6 

UMSCC

74A 

UMSCC

17A 

UMSCC

11B 
A253 

Detroit 

562 
FaDu 

Olaparib 1.6±0.1 1.1±0.1 1.1±0.0 1.4±0.1 1.1±0.0 1.1±0.1 0.9±0.1 

Ola+1 Gy 1.5±0.2 2.2±0.3 1.3±0.1 1.9±0.0 1.3±0.0 1.3±0.0 1.0±0.1 

Ola+2 Gy 1.6±0.2 1.3±0.2 1.3±0.1 4.6±0.7 1.4±0.1 1.1±0.0 1.2±0.1 

Tala 2.2±0.4 4.0±0.6 n.d. 7.7±1.0 1.7±0.2 1.1±0.3 1.3±0.1 

Tala+1 Gy 1.8±0.1 n.d. n.d. 6.6±0.8 1.6±0.4 1.2±0.1 1.5±0.2 

Tala+2 Gy 2.4±0.1 n.d. n.d. 5.6±0.4 2.0±0.4 1.2±0.3 2.7±0.5 

Growth inhibition ratios (mean±S.D) comparing the fold increase in spheroid volume between 629 

days 3 and 12 following olaparib or talazoparib versus the appropriate DMSO controls (alone, 630 

or combination with x-rays) were calculated in HPV-negative and HPV-positive HNSCC 631 

spheroids. n.d. refers to not determined. 632 

Table 3. Olaparib and talazoparib selectively enhance the sensitivity of HPV-negative HNSCC 633 

spheroids in response to proton irradiation. 634 

Treatment 
UMSCC

6 

UMSCC

74A 

UMSCC

11B 
A253 

Detroit 

562 
FaDu 

Ola+2 Gy 1.2±0.1 1.3±0.4 1.3±0.2 1.3±0.2 1.2±0.0 1.4±0.1 

Ola+4 Gy 1.3±0.2 1.4±0.1 1.7±0.4 1.6±0.1 1.4±0.4 2.4±0.4 

Tala+2 Gy 2.6±0.5 n.d. 1.8±0.3 1.4±0.1 2.8±1.1 2.3±0.5 

Tala+4 Gy 3.1±0.2 n.d. 2.4±0.6 3.0±0.2 3.6±0.6 3.1±0.5 

Growth inhibition ratios (mean±S.D) comparing the fold increase in spheroid volume between 635 

days 3 and 11 following olaparib or talazoparib versus the appropriate DMSO controls (alone, 636 

or combination with protons) were calculated in HPV-negative and HPV-positive HNSCC 637 

spheroids. n.d. refers to not determined. 638 
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