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ABSTRACT 26 

BACKGROUND: Our aim was to evaluate the efficacy and anti-cancer action of a precision 27 

medicine approach involving a novel SIRT1-dependent pathway that, when disrupted, leads to 28 

the restoration of a functional p53 in human papillomavirus (HPV)-transformed cells.   29 

METHODS: The anticancer potential of inhibiting SIRT1 was evaluated by examining the 30 

effects of the specific SIRT1 inhibitor EX527 (also known as Selisistat) or genetic silencing, 31 

either individually or in conjunction with standard chemotherapeutic agents, on a range of 32 

HPV+ cancer cells and a preclinical mouse model of HPV16-induced cancer. 33 

RESULTS: We show that SIRT1 inhibition restores a transcriptionally active K382-acetylated 34 

p53 in HPV+ but not HPV- cell lines, which in turn promotes G0/G1 cell cycle arrest, and inhibits 35 

clonogenicity specifically in HPV+ cells. Additionally, EX527 treatment increases the 36 

sensitivity of HPV+ cells to sublethal doses of standard genotoxic agents. The enhanced 37 

sensitivity to cisplatin as well as p53 restoration were also observed in an in vivo tumorigenicity 38 

assay using syngeneic C3.43 cells harboring an integrated HPV16 genome, injected 39 

subcutaneously into C57BL/6J mice.  40 

CONCLUSIONS: Our findings uncover an essential role of SIRT1 in HPV-driven 41 

oncogenesis, which may have direct translational implications for the treatment of this type of 42 

cancer. 43 

 44 

 45 

 46 

BACKGROUND 47 

High-risk human papillomaviruses (hrHPVs) from the α genus are responsible for the 48 

development of squamous cell carcinoma (SCC) of the anogenital and upper aerodigestive 49 

tract, with an incidence of ~5% among all cancers worldwide [1-4]. 50 
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 In the last two decades, mounting evidence has shown that HPV16 and, with less 51 

frequency, HPV18 are etiologically involved in a subset of head and neck cancers (HNCs), 52 

namely oropharyngeal squamous cell carcinomas (OPSCCs). While virtually all cervical 53 

cancers are HPV-driven, the fraction of OPSCCs likely arising from HPV infection�mainly 54 

HPV16�has been estimated to be ~20% [2-6]. In this regard, the most recent edition of the 55 

American Joint Committee on Cancer (AJCC) staging system has clearly defined HPV+ and 56 

HPV- OPSCCs as separate entities, with distinct molecular profiles, tumor characteristics and 57 

outcomes. In particular, HPV+ OPSCC is predominantly found in young white people and is 58 

associated with a more favorable prognosis compared to HPV− OPSCC [2, 7]. However, the 59 

high cure rates often come to the expense of severe long-term adverse effects due to not only 60 

the devastating impact of radiotherapy or surgery on the targeted anatomical sites but also the 61 

cytotoxic side effects of the adjuvant therapies [6]. Thus, there is a critical clinical need for 62 

alternative strategies that may allow de-escalating current drug therapies to optimize oncologic 63 

outcomes while reducing treatment-related acute and long-term toxicities [8-10].  64 

 The development and maintenance of HPV-associated cancers relies on the expression 65 

of two oncoproteins, E6 and E7, which interact with host cell factors to create an environment 66 

conducive to cellular transformation [11-13]. Specifically, hrHPV E6 binds to and promotes 67 

degradation of the tumor suppressor protein p53, triggering uncontrolled cell proliferation 68 

through cell cycle checkpoint evasion, whereas hrHPV E7 binds to the tumor suppressor 69 

protein and major G1 checkpoint regulator pRb to induce S phase entry. Thus, the very 70 

distinctive trait of this type of cancer is that HPV+ cancer cells retain unaltered p53 and pRb 71 

genes, unlike most human tumors that harbor mutations in these tumor suppressor genes [13-72 

16].  73 

 Sirtuins are an evolutionarily conserved family of NAD+-dependent deacetylases and 74 

ADP-ribosyltransferases that play important roles in a broad range of biological activities. 75 
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SIRT1, the principal NAD+-dependent deacetylase in mammalian cells, catalyzes the 76 

deacetylation of its substrates, which include histone and non-histone targets, such as p53 [17-77 

23]. A series of reports have already demonstrated that SIRT1 is a critical regulator of multiple 78 

aspects of high-risk HPV life cycle, encompassing transcription and replication during the 79 

differentiation-dependent phase. Specifically, SIRT1 has been shown to bind to the HPV31 80 

genome and regulate both viral chromatin remodeling as well as viral DNA binding of 81 

members of the homologous repair pathway. This activity is necessary for both histone 82 

deacetylation and recruitment of DNA damage repair factors, which are critical steps during 83 

the HPV life cycle [24]. SIRT1 was also reported to be part of the E1-E2 DNA replication 84 

complex and is recruited to the HPV viral origin of replication in an E1-E2-dependent manner 85 

[25]. In addition, it is strongly upregulated in HPV+ cells and cervical intraepithelial neoplasia 86 

(CIN) in an E7-dependent fashion, with an increasing trend from low-to high-grade CIN1 to 3 87 

[26, 27]. Although SIRT1-mediated regulation of p53 stability is well known�p53 acetylation 88 

at K382 competes with ubiquitination and promotes p53 stabilization and activation�its 89 

engagement in E6/E7-driven oncogenesis has never been explored [22, 23, 28-32]. The current 90 

consensus is that, in HPV-transformed cells, p53 levels are kept very low by the cellular 91 

ubiquitin ligase E6AP. In this process, E6 binds to a short LxxLL consensus sequence within 92 

E6AP, forming an E6/E6AP heterodimer that recruits and degrades p53. The E6/E6AP/p53 93 

complex is thus regarded as a prototype of viral hijacking of both ubiquitin-mediated protein 94 

degradation and p53 tumor suppressor activity [13-16, 33]. Whether SIRT1 interacts or 95 

cooperates with this molecular platform is currently unknown.  96 

 In this study, we demonstrate that in addition to the canonical E6AP pathway, another 97 

cellular mechanism involving SIRT1-dependent p53 deacetylation contributes to p53 98 

inhibition in HPV-driven oncogenesis whose disruption leads to restoration of a functional p53 99 
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in HPV-transformed cells. Lastly, we demonstrate that SIRT1 inhibition increases tumor cell 100 

sensitivity to sublethal doses of genotoxic agents, such as doxorubicin (DX) or cisplatin (Cis). 101 

 Altogether, our findings uncover an essential role of SIRT1 in HPV-associated cancers 102 

and provide compelling evidence that pharmacological inhibition of SIRT1 may allow 103 

treatment de-intensification strategies for this type of cancer. 104 

 105 

MATERIALS AND METHODS 106 

Cell culture, plasmids, transfection, and treatments 107 

HeLa (CRM-CCL-2�-ATCC, Manassas, VA, USA), C33A (HPV- cervical 108 

carcinoma-derived cell line, HTB-31�-ATCC, RRID:CVCL_1094), and HNO150 (HPV- 109 

laryngeal squamous cell carcinoma cell line, kindly provided by Massimo Tommasino-Italy), 110 

were grown in DMEM (Sigma-Aldrich, St. Louis, MO, USA). CaSki (CRM-CRL-1550�-111 

ATCC) and C3.43 cells, kindly provided by Martin Kast (USA), were grown in RPMI (Thermo 112 

Fisher Scientific, Waltham, MA, USA) supplemented with 10% FBS (Sigma-Aldrich) [34-36]. 113 

NOKsHPV16E6/E7 (for brevity: NOKE6/E7) are normal oral keratinocytes stably transduced 114 

with both E6 and E7 genes from HPV16 by lentiviral infection that were kindly provided by 115 

Frank Rösl (Germany) and were cultured as previously described [37]. A highly expressing E6 116 

and E7 clone with high proliferation rates was isolated from a pool of NOKE6/E7 cells by 117 

limiting dilution. Cells derived from this clone were used for all experiments between passage 118 

10 and 20. The HPV16-positive hypopharyngeal squamous cell carcinoma cell line SCC152 119 

was purchased from ATCC (ATCC-CRL-3240, RRID:CVCL_C058) and cultured in minimum 120 

essential medium Eagle (EMEM; ATCC), supplemented with 10% fetal bovine serum (FBS; 121 

Thermo Fisher Scientific), 2 mM L-glutamine (Gibco, Thermo Fisher Scientific), MEM non-122 

essential amino acid solution (NEAA; Gibco, Thermo Fisher), and 50 µg/mL gentamicin 123 

(Gibco, Thermo Fisher Scientific). Cells were treated with EX527 (6-chloro-2,3,4,9-124 
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tetrahydro-1H-carbazole-1-carboxamide, also known as Selisistat) (80 µM) (Sigma-Aldrich), 125 

DX (1.5 μM for HeLa, NOKE6/E7, SCC152, C33A, and HNO150 or 0.5 μM for CaSki) 126 

(Cayman Chemical Company, Ann Arbor, MI, USA) or Cis (10 μM for HeLa, 15 μM for 127 

CaSki, C33A, and HNO150, 2.5 μM for NOKE6/E7, and 5 μM for SCC152) (Sandoz, Basel, 128 

Switzerland).  129 

 Cells were transfected with siRNA against SIRT1 (L-003540-00-0005, ON-130 

TARGETplus SMARTpool siRNA; Dharmacon, Lafayette, CO, USA), p53 (M-003329-03-131 

0005, siGENOME SMARTpool siRNA; Dharmacon), E6E7 HPV18 (forward 132 

GCUAGUAGUAGAAAGCUCA, reverse UGAGCUUUCUACUACUAGC; Sigma-Aldrich), 133 

E6E7 HPV16 (forward GACAGAGCCCAUUACAAUA, reverse 134 

UAUUGUAAUGGGCUCUGUC; Sigma-Aldrich), or control siRNA (D-001206-13-05, 135 

siGENOME non-Targeting siRNA Pool; Dharmacon) using Lipofectamine RNAiMax 136 

transfection reagent (Invitrogen, Thermo Fisher Scientific).  137 

 138 

Immunohistochemistry 139 

Consecutive 5-µm-thick sections obtained from formalin-fixed and paraffin-embedded 140 

tissues were processed for immunohistochemical detection of antigens. Antigen unmasking 141 

was performed by heating the slides in a conventional decloaking chamber at 750W for 15 min, 142 

followed by an additional step at 350W for 10 min in 10 mM citrate buffer at pH 6.0 (Vector 143 

Laboratories, Burlingame, CA, USA). Primary antibodies were diluted in 5% normal goat 144 

serum/PBS and incubated ON at 4°C. The following Abs were used: anti-p53 (MA5-15244; 145 

RRID:AB_10981260, Thermo Fisher Scientific, diluted 1:1000), and anti-Ki67 (ab16667; 146 

RRID:AB_302459, Abcam (Cambridge, UK), diluted 1:200). For the assessment of 147 

histological features, the slides analyzed were stained with hematoxylin and eosin (H&E). 148 

Tissue images were acquired using a digital scanner (Pannoramic MIDI; 3DHISTECH, 149 
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Budapest, Hungary), and the staining was quantified using QuPath software. For p16INK4a, the 150 

tumor was considered positive when > 20% of the tumor cells were stained, for p53 the cut-off 151 

was > 5%, while for SIRT1 it was > 20%. 152 

 153 

Immunoblotting 154 

Whole-cell protein extracts (15 µg) were prepared, transferred to nitrocellulose 155 

membrane and subjected to immunoblot as previously described [38]. 156 

The following antibodies were used: rabbit polyclonal antibodies anti-Acetyl-p53 157 

(K382) (#2525; RRID:AB_330083, Cell Signaling Technology (Danvers, MA, USA), diluted 158 

1:800), anti-Ac-p53 (K305) (ab109396; RRID:AB_10861725, Abcam, diluted 1:5000), anti-159 

HPV18E6 (GTX132687; RRID:AB_2886711, GeneTex (Irvine, CA, USA), diluted 1:250), 160 

anti-HPV18E7 (GTX133412; RRID:AB_2886972, GeneTex, diluted 1:500), anti-HPV16E6 161 

(GTX132686; RRID:AB_2886710, GeneTex, diluted 1:500), and anti-HPV16E7 162 

(GTX133411; RRID:AB_2886971, GeneTex, diluted 1:500) or mouse monoclonal antibodies 163 

(MAb) anti-SIRT1 (ab110304; RRID:AB_10864359, Abcam, diluted 1:1000), anti-p53 (sc-164 

126; RRID:AB_628082, Santa Cruz Biotechnology (Dallas, TX, USA), diluted 1:250), anti-165 

p21CDKN1A (P1484; RRID:AB_260888, Sigma-Aldrich, diluted 1:500), anti-p16INK4a (sc56330; 166 

RRID:AB_785018, Santa Cruz Biotechnology, diluted 1:500). MAb against α-GAPDH 167 

(60004-1-Ig; RRID:AB_2107436, Proteintech (Rosemont, IL, USA) , diluted 1:10000) were 168 

used as a control for protein loading. Immunocomplexes were detected using sheep anti-mouse 169 

(NA931; RRID:AB_772210, GE Healthcare, Chicago, IL, USA) or donkey anti-rabbit (A6154; 170 

RRID:AB_258284, Sigma-Aldrich) immunoglobulin antibodies  conjugated to horseradish 171 

peroxidase (HRP) and visualized by enhanced chemiluminescence (34580; Super Signal West 172 

Pico; Thermo Fisher Scientific) using the instrument ChemiDoc Touch Imaging System (Bio-173 

Rad, Hercules, CA, USA).  174 
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 175 

ChIP assay 176 

ChIP assay was performed as previously described [39]. The suitability of each 177 

antibody for the chromatin immunoprecipitation (ChIP) assay was confirmed by 178 

immunoprecipitation-Western blotting (data not shown). Immunoprecipitation was performed 179 

with 3 µg of unmodified histone H3 (06-755; RRID:AB_2118461, Merck Millipore, 180 

Burlington, MA, USA), acetyl-histone H3 (K9) (07-352; RRID:AB_310544, Merck 181 

Millipore), p53 (sc-126; RRID:AB_628082, Santa Cruz Biotechnology), and anti-Ac-p53 182 

(K382) (#2525; RRID:AB_330083, Cell Signaling Technology) antibodies. Threshold cycle 183 

(CT) values for the samples were equated to input CT values to provide percentages of input 184 

for comparison, and these were normalized to the enrichment level of unmodified histone H3 185 

for each cell line. The following primers were used: p21CDKN1A promoter forward 186 

GAGTCTTGCTCAGTGGGAGCTCTGGGAGTA and reverse 187 

ATGTGACTTGGGGTGAGGCCTACTCGG; GAPDH promoter forward 188 

TTCGACAGTCAGCCGCATCTTCTT and reverse CAGGCGCCCAATACGACCAAATC.  189 

 190 

Cell viability assay  191 

Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 192 

bromide (MTT) (Sigma-Aldrich), as previously described [40].  193 

 194 

Flow cytometry analysis 195 

The DNA content and cell cycle phase distribution of cells were evaluated by flow 196 

cytometry. Subconfluent cells were serum-starved for 24 h, treated with EX527 for 48 h or 197 

transfected with sip53 for 72 h, and then treated with vehicle or EX527 for the last 48 h. Next, 198 

cells were harvested, fixed in 70% ethanol at -20°C for 1 h, washed with PBS, resuspended in 199 
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a buffer [trisodium citrate (3.4 mM), NaCl (9.65 mM), and 0.003% of NP40] supplemented 200 

with RNase (500 μg/mL) and propidium iodide (PI) (20 μg/mL), and then incubated for 15 min 201 

at 37ûC in the dark. Cell cycle phase distribution of nuclear DNA was analyzed by Attune� 202 

NxT Flow Cytometer (Thermo Fisher Scientific) using FlowJo software (RRID:SCR_008520).  203 

 204 

Clonogenicity assay 205 

A total of 1.5 x 103 (HeLa, CaSki, and NOKE6/E7) or 3 x 103 (C33A and HNO150) 206 

cells were plated in 6-well plates in triplicate and cultured for 15 days. Media supplemented 207 

with EX527 (80 µM) was changed every 3 days. Colonies were fixed, stained with 0.1% crystal 208 

violet, scanned, and counted with Celigo S Image Cytometer (Nexcelom Bioscience, 209 

Lawrence, MA, USA).  210 

 211 

Senescence-associated beta-galactosidase activity (SA-β-gal) 212 

For SA-β-gal detection, 3 x 104 HeLa, 3.5 x 104 CaSki, and 4 x 104 NOKE6/E7 were 213 

seeded in 6-well plates. At 48, 72, and 96 h post EX527 treatment or 72 h and 96 h post siCtrl, 214 

siE6E7, or siSIRT1 transfection, cells were washed in PBS and then fixed for 4 min at RT with 215 

0.3 mL of fixative solution (2% formaldehyde, 0.2% glutaraldehyde diluted in PBS). Fixed 216 

cells were washed twice with PBS and then incubated overnight at 37°C in 2 mL of staining 217 

solution, without providing CO2. The staining solution was prepared in deionized water with 1 218 

mg/mL of 5-bromo-4-chloro-3-indolyl-beta-d-galactopyranoside (X-gal, Invitrogen, Eugene, 219 

CA, USA), 1× citric acid/sodium phosphate buffer, 5 mM potassium ferricyanide, 220 

5 mM potassium ferrocyanide, 150 mM NaCl and 2 mM MgCl2 [41]. Next, cells were washed 221 

twice with PBS and counterstained with 4′,6-diamidino-2-phenylindole (DAPI).  Images were 222 

acquired using Cytation 5 Cell Imaging Multi-Mode Reader (BioTek, Winooski, VT, USA) in 223 

both the DAPI and bright-field channels to visualize nuclei and senescent cells. The raw images 224 
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(2×2 montage) were acquired using 4X objective for cell counting, processed, and stitched 225 

using the default setting. 226 

 227 

Annexin V analysis 228 

To distinguish the types of cell death, double staining for exposed phosphatidylserine 229 

and PI exclusion was performed using the Annexin V-FITC Kit (640914; BioLegend, San 230 

Diego, CA, USA), according to the manufacturer�s instructions. Briefly, cells were plated into 231 

6-well plates (3 x 105 cells/well) and treated with EX527 alone or in combination with DX or 232 

Cis. After 48 h of treatment, cells were resuspended in Annexin V/FITC and PI buffer and then 233 

analyzed by Attune� NxT Flow Cytometer using FlowJo software (RRID:SCR_008520). 234 

Controls of unstained cells, cells stained with Annexin V-FITC only, and cells stained with PI 235 

only were used to establish compensation and quadrants. Cells were gated according to their 236 

light-scatter properties to exclude cell debris.  237 

 238 

In vivo tumorigenicity assay  239 

C57BL/6J mice were housed under pathogen-free conditions in our animal facilities in 240 

accordance with �The Guide for the Care and Use of Laboratory Animals�, and the 241 

experimentation was approved by the Italian Ministry of Health (Agreement No. 219/2020-242 

PR). Five-week-old (female and male) mice were subcutaneously inoculated with 1 x 106 243 

C3.43 cells into the back. After 7 days from the inoculum, EX527 (10 mg/kg) alone or in 244 

combination with Cis (0.5, 1, 2.5 mg/kg) were injected intraperitoneally every two days for 245 

two weeks. Control mice received vehicle alone or in combination with cisplatin. Mice were 246 

allocated to experimental groups in a manner ensuring consistent average starting volume 247 

across the groups.  Mice were daily monitored, tumor growth was measured using a Vernier 248 

caliper overtime by a technician blinded to treatment allocation, and the tumor was removed 249 
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after two weeks of treatment. Tumor volume was calculated as L x W2/2, where length (L) is 250 

the longest dimension and width (W) is the shortest dimension. Tumor weight was also 251 

measured.  252 

 253 

Statistical analysis  254 

The number of biological replicates per experiment is stated in the figure legends. All 255 

statistical tests were performed using Graph-Pad Prism version 8.00 for Windows (GraphPad 256 

Software, RRID:SCR_002798). The data are presented as mean ± standard deviation (SD). For 257 

comparisons of two groups, means were compared using two tailed Student�s t tests. 258 

Differences were considered statistically significant at a P value of < 0.05. 259 

 260 

RESULTS 261 

Inhibition of SIRT1 activity in HPV+ cancer cells restores a functional Ac-p53 (K382)  262 

As SIRT1 expression has been found to be overexpressed in HPV-induced anogenital 263 

cancer, we first asked whether it would be similarly overexpressed in HNC [26, 27]. To this 264 

end, we analyzed both SIRT1 mutations and mRNA expression levels using an HNC database 265 

from The Cancer Genome Atlas (TCGA) downloaded from the cBioPortal website 266 

(https://www.cbioportal.org/) [42]. Whole-exome sequencing data identified 2 amplifications 267 

and one in-frame mutation, suggesting that SIRT1 is rarely mutated in HNSCC (1.1%; 3/279 268 

samples) (Fig. 1a). By contrast, the TP53 gene was found to be mutated in 74% of HPV- cancers 269 

but never in the HPV+ subgroup. We also analyzed SIRT1 mRNA expression in the same 270 

dataset by assessing HPV+ vs HPV- cancers and found that SIRT1 mRNA levels were 271 

significantly higher in HPV+ than those observed in HPV- HNCs (Fig. 1b, P < 0.001). 272 

  As SIRT1 is involved in the regulation of p53 function via deacetylation of its C-273 

terminal Lys382 residue and given that p53 is degraded through E6AP-mediated ubiquitination 274 
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in HPV-transformed cells, we next asked whether SIRT1 inhibition could affect p53 275 

stabilization in HPV+ cells [22, 23, 28-33]. For these experiments, we employed the SIRT1-276 

specific functional inhibitor EX527 at the dose of 80 µM, which had been previously shown to 277 

inhibit HPV genome amplification upon differentiation [24, 43]. In addition to the cervical 278 

carcinoma-derived cell line HeLa and CaSki�harboring integrated HPV18 and HPV16 279 

genome, respectively�, we also analyzed the NOKsHPV16E6/E7 cell line (hereafter referred 280 

to, for brevity, as NOKE6/E7), a newly established model of HPV-induced HN carcinogenesis, 281 

where the vector used for lentiviral transduction of normal oral keratinocytes reduces the 282 

splicing events and ensures equal expression of E6 and E7 from HPV16 [37, 44]. As shown in 283 

Fig. 2a and 2b, pharmacological inhibition of SIRT1 by EX527 led to p53 restoration in all the 284 

aforementioned cell lines, whereas no changes in total p53 expression levels were observed in 285 

two p53-mutated HPV- cell lines either derived from genital (C33A) or head and neck cancer 286 

(HNO150), indicating that SIRT1 inhibition only influences p53 turnover in HPV+ cells in 287 

which p53 is not mutated but rather degraded through the E6AP ubiquitination pathway [33, 288 

45-48]. Consistent with the notion that the main SIRT1 target site in the p53 protein is K382, 289 

expression levels of acetylated p53 [Ac-p53 (K382)] increased significantly in both HPV+ and 290 

HPV- cell lines following SIRT1 inhibition, albeit to different extents (Fig. 2a and 2b). Notably, 291 

quantitation of the ratio between Ac-p53 (K382) levels relative to total p53 showed no variation 292 

in HPV+ cells, indicating that the majority of the restored p53 was K382-acetylated, while this 293 

ratio significantly increased in HPV- cells (Fig. 2c). The latter observation relies on the fact 294 

that the total expression levels of mutated p53 in HPV- cells are not modified upon SIRT1 295 

inhibition despite the enhanced acetylation status of the K382 residue. By contrast, the 296 

expression levels of Ac-p53 (K305) were very faint, almost undetectable, in HPV+ cells even 297 

upon SIRT1 inhibition, whereas its expression levels were enhanced by EX527 treatment in 298 

HPV- cell lines (Fig. 2a).  299 
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 To assess p53 transcriptional activity, we analyzed the expression levels of the 300 

downstream target gene p21CDKN1A and found that they were significantly upregulated upon 301 

SIRT1 inhibition in HPV+ but not HPV- cell lines (Fig. 2a and 2b) [28]. Kinetic experiments 302 

in vehicle-treated NOKE6/E7 ruled out that the observed changes in p53 and p21CDKN1A 303 

expression levels could be attributed to circadian fluctuations (Supplementary Fig. S1). 304 

Consistent with a negative impact of SIRT1 inhibition on E6/E7-induced transformation, the 305 

expression levels of p16INK4A decreased over time upon EX527 treatment. No evidence of 306 

p16INK4A expression was found in NOKE6/E7, as previously reported [49]. Notably, 307 

pharmacological inhibition of SIRT1 led to a robust downregulation of E6 and E7 protein 308 

expression in all HPV+ cell lines, which was particularly evident in NOKE6/E7 cells, whose 309 

basal expression levels of these two oncoproteins were much higher than those observed in 310 

CaSki and HeLa cells. 311 

To rule out any unspecific effects due to drug treatment, we inhibited SIRT1 expression 312 

in HPV+ cells by RNA interference. Consistent with our previous results obtained with EX527 313 

treatment, SIRT1 silencing restored total levels of p53 and p21CDKN1A in all three cell lines 314 

(Fig. 2d and 2e). Fittingly, SIRT1 silencing led to increased Ac-p53 (K382) expression, 315 

especially in CaSki and NOKE6/E7, while Ac-p53 (K305) remained almost undetectable. 316 

Quantitation of Ac-p53 (K382) levels relative to total p53 showed no variation in HPV+ cells 317 

as already reported upon EX527 treatment (Fig. 2f). Next, we performed chromatin 318 

immunoprecipitation (ChIP) assay to assess whether p53 enrichment on the p21CDKN1A 319 

promoter region was indeed occurring in response to SIRT1 inhibition. As shown in Fig. 2g, 320 

EX527 treatment significantly enhanced the binding of both p53 and Ac-p53 (K382) to the 321 

p21CDKN1A promoter region in all the three HPV+ cell lines analyzed. By contrast, no significant 322 

p53 enrichment was observed when the promoter region of the housekeeping gene 323 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was amplified. A significant 324 
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enrichment of histone H3 lysine 9 acetylated (H3K9Ac) on the p21CDKN1A promoter was also 325 

observed in EX527-treated cells because of deacetylase inhibition promoting a switch from 326 

inactive heterochromatin into more active open euchromatin conformation, as previously 327 

published [17, 50].  328 

Altogether, our findings indicate that the cellular circuit involving SIRT1-dependent 329 

p53 deacetylation does contribute to p53 curbing in HPV-driven carcinogenesis, and that its 330 

inhibition rescues a transcriptionally active Ac-p53 (K382).  331 

 332 

Restoration of Ac-p53 (K382) protein expression suppresses the growth of HPV+ cells  333 

As p53 inhibition in HPV-driven cancer is crucial to maintain the transforming 334 

phenotype and assuming that its reactivation would quickly boost cell cycle arrest due to the 335 

intrinsic genomic instability of cancer cells, we assessed the impact of SIRT1 inhibition on cell 336 

growth and survival of HPV+ vs HPV- cells [11, 13-16]. Using a short-term cell proliferation 337 

assay, we observed that EX527 treatment over a period of 72 h significantly reduced the 338 

viability of all HPV+ cell lines tested�20-30% reduction in HeLa; 30-40% in CaSki, and 75-339 

85% in NOKE6/E7 (P < 0.01 and 0.001)�, whereas it was barely affected in HPV- cells (P > 340 

0.05) (Fig. 3a).  341 

 Next, we assessed the impact of SIRT1 inhibition on cell cycle by FACS analysis and 342 

found that�as expected in stressed cells expressing functional p53�the proportion of EX527-343 

treated (48 h) HPV+ cells arrested in the G0/G1 phase was increased by 5% to 13% (P < 0.05 344 

and 0.01) compared to untreated cells, whereas no changes were observed in HPV- cells (Fig. 345 

3b). 346 

 To determine whether SIRT1 inhibition was also associated with a reduction in long-347 

term proliferation, we performed colony-forming assays under identical conditions. As shown 348 

in Fig. 3c, the number of clones was reduced by 30% to 85% and their area by 50% to 80% in 349 
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EX527-treated HPV+ cells compared to untreated cells (P < 0.01 and 0.001). By contrast, 350 

EX257 treatment did not affect long-term proliferation of both HPV- cell lines tested. 351 

 As the stress response may also activate a senescence program, a phenomenon very 352 

much dependent on the cellular context and stimuli, we also assessed senescence-associated β-353 

gal (SA-β-gal) activity�a prototype marker of senescence�at neutral pH upon SIRT1 354 

pharmacological inhibition, transient SIRT1 silencing, or transient E6/E7 silencing in HPV+ 355 

cells. As shown in Fig. 3d and Supplementary Fig. S2, we failed to see any significant changes 356 

in the number of SA-β-gal-positive HeLa and CaSki cells upon SIRT1 pharmacological 357 

inhibition at different time points in comparison with vehicle-treated cells (Fig. 3d, upper and 358 

middle left panels). Upon transient silencing of SIRT1, an increase in SA-β-gal-positive cells 359 

was observed in HeLa cells at 72 h post-transfection but not in CaSki cells, albeit to much 360 

lower extent than that seen in the same cells silenced for E6/E7 expression (11% vs 54%, 361 

respectively) (Fig. 3d, upper and middle right panel). A slightly different picture emerged in 362 

NOKE6/E7 cells where the number of SA-β-gal-positive cells was already augmented upon 363 

SIRT1 inhibition, but again, at a lower extent when compared to E6/E7-silenced cells, 364 

especially at the 96-h time point (5% vs 15%) (Fig. 3d, lower panels). A similar trend was 365 

observed upon SIRT1 silencing in NOKE6/E7 cells in which a slight senescence induction was 366 

observed at 72 h post-transfection (Fig. 3d, lower right panel). As expected, transient silencing 367 

of E6 and E7 expression by RNA interference significantly increased the number of the SA-β-368 

gal-positive cells in all three cell lines at both 72 and 96 h post-transfection (Fig. 3d, right 369 

panels) [51]. Altogether, the higher rate of senescence induction in E6/E7- vs SIRT1-silenced 370 

cells suggests that different mechanisms are involved.  371 

 To confirm the central role of p53 in the antiproliferative effect of EX527 treatment, 372 

we assessed the levels of p21CDKN1A expression in EX527-treated HPV+ cells in which p53 373 

expression was transiently knocked down by transfection of a p53-specific siRNA (sip53). As 374 
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expected, we failed to detect p21CDKN1A induction in p53-silenced cells upon 48 h of EX527 375 

treatment, while its expression was significantly upregulated in siRNA control (siCtrl)-376 

transfected cells (Fig. 3e and 3f). When we examined the expression levels of the viral 377 

oncoproteins E6 and E7 in sip53- vs siCtrl-transfected HPV+ cell lines following EX527 378 

treatment, E6 and, to a lesser extent, E7 were restored in HeLa cells, only E7 was partially 379 

restored in CaSki cells, while both proteins remained downregulated in NOKE6/E7 cells (Fig. 380 

3e and 3f). In addition, cell cycle analysis confirmed that the number of cells arrested in G0/G1 381 

upon EX527 treatment in siCtrl-transfected cells was significantly higher when compared to 382 

untreated cells (from 69 to 73% in HeLa, from 72 to 75% in CaSki, and from 68 to 74% in 383 

NOKE6/E7), while no major changes in cell cycle distribution upon EX527 treatment were 384 

observed in p53-silenced cells vs their untreated counterparts (from to 54 to 55% in HeLa, from 385 

62 to 63% in CaSki, and from 52 to 57% in NOKE6/E7) (Fig. 3g). Consistent with the lack of 386 

growth inhibition, we observed an increased percentage of cells in S (from 8 to 14% in HeLa, 387 

from 10 to 15% in CaSki, and from 6 to 13% in NOKE6/E7) or G2/M (from 6 to 15% in HeLa, 388 

from 7 to 10% in CaSki, and from 8 to 19% in NOKE6/E7) phase in EX527-treated sip53-389 

transfected cells in comparison with siCtrl-transfected cells similarly treated. 390 

These findings along with the observation that pharmacological inhibition of SIRT1 in 391 

p53-silenced HPV+ cells did not lead to G0/G1 arrest, while E6 and E7 levels were poorly 392 

rescued, indicate that the antiproliferative action observed upon SIRT1 inhibition relies on p53 393 

restoration. However, we cannot rule out that E6 and E7 depletion, for which we do not have 394 

a clear mechanistic explanation yet, may also play a role.    395 

 396 

SIRT1 inhibition enhances the sensitivity of HPV+ cells to genotoxic agents both in vitro 397 

and in a syngeneic mouse model of HPV16-induced cancer 398 
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Having discovered that SIRT1 inhibition restores a functional p53 in HPV+ cells, we 399 

next asked whether this restoration had any impact on the sensitivity of these cells to genotoxic 400 

agents, i.e., doxorubicin (DX) and cisplatin (Cis). To this end, cells were pretreated with EX527 401 

or with vehicle alone for 24 h and then incubated with sublethal doses of DX or Cis. These 402 

doses were chosen based on a sublethal dose assessment (Supplementary Fig. S3). To rule out 403 

any bias related to the fact that the two cancer-derived cell lines used have been cultured for 404 

decades, we have also included the UPCI:SCC152 cell line (for brevity SCC152), which has 405 

been more recently generated from an HPV+ HNSCC [52]. Assessment of cell viability over a 406 

period of 72 h post exposure revealed that EX527 pretreatment significantly enhanced drug-407 

induced growth suppression of all three HPV+ cell lines examined�8-42% and 10-32% growth 408 

reduction in EX527+DX- or EX527+Cis-treated cells, respectively, compared to cells treated 409 

with DX or Cis alone (P < 0.05, 0.01 and 0.001). Consistent with the data obtained with EX527 410 

treatment alone (Fig. 3a), the highest reduction in cell viability occurred in the precancerous 411 

model of NOKE6/E7 cells (Fig. 4a). In contrast, no significant changes in growth inhibition 412 

were observed in the HPV- cell lines C33A and HNO150 upon the combinatorial treatment 413 

compared to each single treatment. We also assessed the proportion of cells undergoing 414 

apoptosis upon single or combined treatment by flow cytometry analysis using annexin 415 

V/propidium iodide (PI) staining. As depicted in Fig. 4b, the percentage of apoptosis observed 416 

upon the combined treatment with EX527 and DX or Cis was respectively increased by 7% 417 

and 6% in HeLa, 10% and 5% in CaSki, 11% and 12% in NOKE6/E7, and 4% and 6% in 418 

SCC152 in comparison with each genotoxic treatment alone. Congruently, no changes were 419 

observed in the HPV- cell lines when the combinatorial treatment was compared with the single 420 

treatment. 421 

 These sets of experiments consistently support the hypothesis that SIRT1 upregulation 422 

is a key mechanism of HPV-driven oncogenesis, and that the inhibition of such process by 423 
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EX527 treatment alone boosts cell cycle arrest and death of HPV+ cell lines while increasing 424 

their sensitivity to the antiproliferative activity of standard chemotherapeutic agents [7, 53]. 425 

 Thus, we next analyzed the therapeutic potential of combining EX527 and cisplatin in 426 

vivo using a syngeneic mouse model obtained by dorsal subcutaneous injection (s.c.) of C3.43 427 

cells, which harbor an integrated HPV16 genome, in C57BL/6J mice. These cells were 428 

generated by transfecting mouse embryonic cells with a plasmid harboring the full-length 429 

HPV16 genome and extensively used for anti-HPV vaccine testing [34-36]. Upon s.c. injection 430 

of 1 x 106 cancer cells, palpable tumors were detectable after approximately one week when 431 

intra-peritoneal (i.p.) drug injection (mono or combination therapies) was started and repeated 432 

every second day up to 19 days after cancer cell injection (Fig. 5a). Keeping the same dose of 433 

EX527, we used decreasing doses of Cis (0.5, 1, or 2.5 mg/kg) to mimic the conditions of a de-434 

escalating strategy. C3.43 cells robustly gave rise to tumor formation in vehicle-treated control 435 

mice, and tumor size effectively shrank upon i.p. administration of the drugs. Specifically, 436 

tumors arising in mice that had received the highest Cis dose grew significantly smaller already 437 

with monotherapy alone, while the lowest dose only exerted a modest growth inhibitory effect 438 

either alone or in combination with EX527. Notably, the tumors arising in mice injected with 439 

a combination of intermediate Cis dose (1 mg/kg) and EX527 (n=4) grew significantly smaller 440 

when compared to each of the monotherapy, either Cis or EX527 alone, as measured overtime 441 

by means of a Vernier caliper and evident at the visual inspection of the harvested tumors (Fig. 442 

5b). The same trend was observed when the tumor weight of the explanted tumors was assessed 443 

at 19 days post-injection (Fig. 5c). Based on these results, we chose the intermediate dose of 1 444 

mg/kg to statistically validate the efficacy of this combinatorial treatment in 4 additional mice, 445 

and the results obtained in n=8 mice confirmed the strong anticancer activity of Cis and EX527 446 

combinatorial treatment as reported in Fig. 5d and 5f. To determine whether the responsiveness 447 

of C3.43 cells to the combinatorial treatment in vivo also involved p53 restoration, tissue 448 
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sections from the FFPE blocks of the explanted tumors were stained for p53 expression by 449 

immunohistochemistry. Similar to our in vitro results, a significantly increased number of p53-450 

positive cells were found in the tumors harvested from mice injected with EX527 vs vehicle 451 

alone (Fig. 5g). Consistent with p53 restoration and the antiproliferative activity of EX527, 452 

quantification of the number of cells positive for the cellular proliferation marker Ki67 showed 453 

a significant reduction in the tumors from EX527- vs vehicle-treated mice. 454 

 Taken all together, these results indicate that combining Cis with EX527 treatment 455 

leads to effective reduction in tumor burden in vivo as well.  456 

 457 

DISCUSSION 458 

In the present study, we unveil an additional cellular pathway exploited by high-risk 459 

HPVs to effectively inhibit p53, with a central role played by the cellular deacetylase SIRT1 460 

(Fig. 6). Furthermore, we present compelling in vitro and in vivo evidence demonstrating that 461 

targeting this pathway can sensitize HPV+ tumor cells to standard genotoxic agents. These 462 

findings open up the possibility of using SIRT1 inhibitors as part of de-escalation therapies, 463 

aiming to reduce treatment-associated morbidity in patients with HPV-associated cancer, 464 

particularly those with OPSCC [7-10]. Indeed, HPV+ OPSCC has one of the most rapidly 465 

increasing incidences among cancers in high-income countries and is characterized by 466 

improved prognosis and higher prevalence in younger patients. As a result, there is a growing 467 

interest in developing targeted therapies and de-intensification strategies to enhance the quality 468 

of life while maintaining acceptable survival outcomes [1-6].  469 

 While the role of SIRT1 in regulating p53 stability through deacetylation has been 470 

extensively studied (i.e., p53 acetylation at K382 competes against ubiquitination, promoting 471 

p53 stabilization and activation), its involvement in E6/E7-driven oncogenesis is a novel 472 

finding [22, 23, 28, 29] (Fig. 2). Likewise, SIRT1 has already been shown to be upregulated in 473 
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HPV-infected cells being a crucial regulator of multiple aspects of the high- risk HPV life 474 

cycle, while its role in p53 inactivation was unknown [24]. 475 

SIRT1, the primary NAD+-dependent deacetylase in mammalian cells, exerts its 476 

function by deacetylating various substrates, including histone substrates and non-histone 477 

targets, such as p53, the acetylation of which on K382 lysine residue is critical for both protein 478 

stabilization and transcriptional activity [17-23]. In line with its role in promoting p53 479 

degradation in HPV+ cell lines, we show that SIRT1 inactivation, either by the specific 480 

pharmacological inhibitor EX527 (also known as Selisistat) or gene silencing, leads to 481 

increased p53 protein expression levels. SIRT1 specifically deacetylates the K382 residue of 482 

p53 and, accordingly, its inactivation leads to increased Ac-p53 (K382) expression levels in 483 

both HPV+ and HPV- cell lines [28, 29]. However, when we assessed the impact of restored 484 

p53 on the growth of HPV+ vs HPV- cell lines upon pharmacological inhibition of SIRT1, we 485 

observed impaired cell viability and proliferation rates only in HPV+ cells, confirming the 486 

functional role of p53 in HPV+ but not HPV- cancer cells (Fig. 3a). Accordingly, restored p53 487 

in HPV+ cell lines exhibited transcriptional activity as evidenced by the upregulation of the 488 

down-stream effector protein p21CDKN1A and the enrichment of both p53 and Ac-p53 (K382) 489 

at its promoter region. Importantly, the p21CDKN1A promoter region also displayed 490 

accumulation of H3K9Ac, consistent with its transcriptionally active state (Fig. 2g). Indeed, 491 

binding of Ac-p53 (K382) to the p21CDKN1A promoter region has been shown to recruit histone-492 

acetyltransferases, which contributes to euchromatin formation by targeting histones [31]. In 493 

good agreement with the rescue of the p53/ p21CDKN1A axis in HPV+ cell lines, we found them 494 

to be arrested at the G0/G1 phase in response to SIRT1 inhibition (Fig. 3b) [30]. Even though 495 

SIRT1 pharmacological inhibition steadily downregulated the expression levels of the viral 496 

oncoproteins E6 and E7, we failed to see any enhancement of SA-β-gal activity, a hallmark of 497 

senescence, in both HeLa and CaSki cells, while a robust senescence induction was observed 498 
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upon transient gene silencing of E6 and E7 (Fig. 3d and Supplementary Fig. S2) [15, 51]. In 499 

the case of NOKE6/E7, some degree of senescence was seen upon EX527 treatment, albeit to 500 

a much lower extent than that observed upon E6/E7 silencing.  501 

Taken together, these findings indicate that SIRT1 inhibition leads to growth arrest 502 

through a p53/ p21CDKN1A-dependent mechanism, whereas E6/E7 silencing strongly induces 503 

senescence, likely via a different signaling pathway.  504 

This scenario is further complicated by the fact that the molecular mechanisms 505 

responsible for inducing senescence upon E6/E7 depletion remain unknown, and the extent of 506 

inhibition of the viral oncoproteins may vary based on the chosen silencing or inactivation 507 

strategy. In addition, the mutation burden of the cancer cells, which is higher in human 508 

carcinoma-derived cell lines such as HeLa and CaSki cells and lower in immortalized cell lines 509 

like NOKE6/E7, may also influence the response of cancer cells to E6/E7 depletion. This 510 

distinction is also evident from the cell viability assays reported in this study, where the 511 

pharmacological inhibition of SIRT1 in HeLa and CaSki cells primarily manifests as cytostatic, 512 

while in NOKE6/E7 cells there is a progressive inhibition in cell viability coupled with the 513 

induction of apoptosis.         514 

Along these lines, we show that EX527 treatment of p53-depleted cells does not restore 515 

p21CDKN1A expression levels or G0/G1 cell cycle arrest. Notably, under these conditions, only 516 

partial restoration of E6 and E7 oncoprotein expression is observed.  517 

 Another important finding from this study is the heightened sensitivity of NOKE6/E7 518 

cells to SIRT1 inhibition compared to the cervical carcinoma-derived HeLa and CaSki cell 519 

lines. This is evident from the significant restoration of Ac-p53 (K382) expression levels, 520 

substantial downregulation of the viral oncoproteins E6 and E7, enhanced cell growth 521 

inhibition, and induction of apoptosis (Figs. 2 and 3). An explanation for this enhanced 522 

sensitivity could be that NOKE6/E7 cells represent early stages of HPV16-induced 523 
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oncogenesis, where the reliance on p53 suppression is known to be more pronounced [13, 14, 524 

37].  525 

The restoration of functional p53 tumor suppressor activity presents a significant 526 

therapeutic opportunity in the treatment of HPV-driven cancer, given the unique characteristic 527 

of this cancer model where p53 is seldom impaired by dysfunctional mutations. TP53 is the 528 

most frequently mutated gene in HPV- OPSCC, occurring in at least 75% of patients. However, 529 

TP53 mutations are rarely observed in the context of HPV+ disease, largely due to the inhibitory 530 

effect of E6 on p53 function, allowing the virus to phenocopy this genetic alteration [2-7]. 531 

Consequently, HPV-associated cancers retain wild-type p53, which is inactivated by the 532 

oncoprotein E6 forming a complex with the cellular ubiquitin ligase E6AP, which in turn 533 

targets p53 for ubiquitination and proteasomal degradation [16, 33].  534 

Building upon our earlier findings and the ability to counteract E6AP actions and 535 

restore functional p53 through SIRT1 inhibition, we show that this treatment can strongly boost 536 

the anticancer activity of genotoxic agents commonly used to treat HPV-associated cancers, 537 

such as DX and Cis, which are frequently employed in the treatment of HPV-associated cancers 538 

[7, 53]. Our results reveal that pharmacological inhibition of SIRT1 markedly increases cell 539 

death when sublethal doses of these drugs are administered (Fig. 4). Remarkably, similar 540 

observations were replicated in a syngeneic mouse model of HPV16-induced cancer. Tumor 541 

samples obtained from mice treated systemically with EX527 exhibited significantly elevated 542 

levels of p53 expression and decreased expression of the proliferation marker Ki67, as assessed 543 

by immunohistochemistry, when compared to mice treated with the control vehicle (Fig. 5).  544 

Similarly, Dell�Omo et al. connected the chemopreventive action of exisulind and 545 

certain nonsteroidal anti-inflammatory drugs (NSAIDs), known for their anticancer properties, 546 

to the direct inhibition of SIRT1 and the consequent activation of the p53/p21 anti-oncogenic 547 

pathway. Using a mouse model of early mammary gland transformation, they demonstrated 548 
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that SIRT1 inhibition correlates with the in vivo ability of the aforementioned compounds to 549 

activate p53 and hinder tissue proliferation in the initial stages of transformation [54]. 550 

In conclusion, our findings shed light on a previously unrecognized role of SIRT1 551 

during HPV-driven oncogenesis and provide compelling evidence that inhibiting SIRT1 can 552 

be used in combination with standard chemotherapies to enhance their anticancer efficacy. 553 

Although our study does not specifically address the impact of SIRT1 inhibition in 554 

combination with radiotherapy, it is well established that cells with functional p53 are more 555 

susceptible to radiation-induced cell death [55]. Therefore, it is highly likely that SIRT1 556 

inhibition can enhance the anticancer activity of radiotherapy as well.  557 

Given that current treatment options for cervical cancer and HNC (i.e., radiotherapy, 558 

chemotherapy, and surgery) have significant detrimental effects on the targeted anatomical 559 

sites, exploring alternative therapies with fewer side effects is crucial for improving patient 560 

outcomes [7, 53]. The proposed combinatorial treatment for HPV+ cancer has the potential to 561 

facilitate de-escalation strategies aimed at reducing the adverse effects of current radio-562 

chemotherapy-based therapies while improving treatment outcomes. Further preclinical 563 

investigations are currently underway to translate this approach into clinical practice.  564 
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FIGURE LEGENDS  759 

Fig. 1 SIRT1 gene expression and status in HPV+ vs HPV- head and neck squamous cell 760 

carcinoma (HNSCC).  761 

a TCGA-curated clinical data set of HNSCC (279 patients and samples) was interrogated for 762 

samples harboring genomic SIRT1 or TP53 mutations. HPV status scores corresponding to 763 

each clinical specimen are shown [42]. b Boxplot illustrating the comparison of SIRT1 mRNA 764 

expression levels between HPV+ and HPV- HNSCCs in the TCGA dataset. ***P < 0.001, 765 

unpaired t-test [42].  766 

Fig. 2 Pharmacological and genetic inhibition of SIRT1 activity restores Ac-p53 (K382) 767 

protein expression.  768 

a Cells were treated with EX527 (80 µM) or vehicle (DMSO). At the indicated time points 769 

after treatment, total cell extracts were subjected to immunoblot analysis with anti-SIRT1, anti-770 

p53, anti-acetylated p53 (Lys382 or Lys305), anti-p21CDKN1A, anti-p16INK4a, anti-HPV16 or 771 

HPV18 E6, anti-HPV16 or HPV18 E7, and anti-GAPDH antibodies as loading control. b The 772 

intensities of the bands for the indicated antibody were quantified by densitometry, and ratios 773 

of the abundance of these proteins relative to that of GAPDH were calculated. Values are 774 

representative of three independent experiments. Error bars indicate SD. *P < 0.05, **P < 0.01, 775 

unpaired t-test. c Quantitation of Ac-p53 (K382) levels relative to total p53 is shown. Values 776 

are representative of three independent experiments. Error bars indicate SD. *P < 0.05, 777 

unpaired t-test. d Immunoblot analysis of total cell extracts from HeLa, CaSki, and NOKE6/E7 778 

cells transfected with siSIRT1 or siCtrl for 72 h was performed by using the same panel of 779 

antibodies listed in panel A. e Densitometric analysis showing fold change expression of the 780 

indicated proteins from three independent experiments. Error bars indicate SD. *P < 0.05, **P 781 

< 0.01, unpaired t-test. f Quantitation of Ac-p53 (K382) levels relative to total p53 is shown. 782 

Values are representative of three independent experiments. Error bars indicate SD. g Extracts 783 
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were prepared from HeLa, CaSki, and NOKE6/E7 cells treated for 48 h with EX527 (80 µM) 784 

or vehicle (DMSO). ChIP assay was carried out using antibodies specific for unmodified 785 

histone H3 (PAN-H3), acetylated lysine 9 of H3 (H3K9Ac), p53, and acetylated lysine 382 of 786 

p53 [Ac-p53 (K382)], or IgG as control. Immunoprecipitated promoter sequences were 787 

measured by qPCR, and CT values for the samples were equated to input CT values. Values 788 

are represented as input percentage from three independent experiments. Error bars indicate 789 

SD *P < 0.05, **P < 0.01, unpaired t-test.  790 

Fig. 3 Restoration of a functional Ac-p53 (K382) inhibits the growth of HPV+ cells.  791 

a Cells were treated with EX527 (80 μM) or with vehicle (DMSO) and then cell viability was 792 

determined by MTT assay at the indicated time points.  The data shown are representative of 793 

three independent experiments. Error bars indicate SD. ** P < 0.01, *** P < 0.001, unpaired 794 

t-test. b Cell cycle distribution of cells treated with EX527 (80 μM) or with vehicle (DMSO) 795 

for 48 h was assessed by flow cytometry. G0/G1 phase of the cell cycle is graphically shown 796 

for each cell line. Data shown are representative of three independent experiments. Error bars 797 

indicate SD. * P < 0.05, ** P < 0.01, unpaired t-test. c Representative images of anchorage-798 

dependent colony formation assay (CFA) of HeLa, CaSki, NOKE6/E7, C33A, and HNO150 799 

cells treated with EX527 (80 µM), or vehicle (DMSO) for 15 days. The percentages of colony 800 

number and area are indicated in the right panels as mean values of three biological triplicates. 801 

Error bars indicate SD. **P < 0.01, *** P < 0.001, unpaired t-test. d Senescence-802 

associated beta-galactosidase activity (SA-β-gal) was assessed in HeLa, CaSki, and 803 

NOKE6/E7 cells treated with EX527 (80 µM) or vehicle (DMSO), or transfected with siCtrl, 804 

siE6E7, or siSIRT1 for the indicated time points. The percentage of SA-β-gal-positive cells is 805 

shown as mean values of three biological triplicates. Error bars indicate SD. * P < 0.05, **P< 806 

0.01, *** P < 0.001, unpaired t-test. e Total cell extracts from HeLa, CaSki, and NOKE6/E7 807 

cells transfected for 24 h with sip53 or siCtrl and subsequently treated with EX527 (80 µM), 808 
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or vehicle (DMSO) for 48 h were subjected to immunoblot analysis for the indicated proteins. 809 

f The intensities of the bands for each antibody were quantified by densitometry, and 810 

abundance ratios of these proteins relative to that of GAPDH were calculated. Values are 811 

representative of three independent experiments. Error bars indicate SD. *P < 0.05, ** P < 812 

0.01, unpaired t-test. G, Cell cycle distribution of the cells described in panel F was assessed 813 

by flow cytometry. The results are representative of three independent experiments. Error bars 814 

indicate SD. * P < 0.05, ** P < 0.01, unpaired t-test. 815 

Fig. 4 SIRT1 inhibition enhances the sensitivity of HPV+ cells to genotoxic agents.  816 

a Cells were treated with EX527 (80 μM) or with vehicle (DMSO) for 24 h and then mock-817 

treated or treated with doxorubicin (1.5 μM for HeLa, NOKE6/E7, SCC152, C33A, and 818 

HNO150, and 0.5 μM for CaSki) or cisplatin (10 μM for HeLa, 15 μM for CaSki, C33A, and 819 

HNO150, 2.5 μM for NOKE6/E7, and 5 μM for SCC152) for the indicated time points. Cell 820 

proliferation was determined by MTT assay in three biological replicates. Error bars indicate 821 

SD. *P < 0.05, **P < 0.01, *** P < 0.001, unpaired t test. b Cells described in panel A were 822 

incubated with Annexin V-FITC in a buffer containing propidium iodide (PI) and analyzed by 823 

flow cytometry. Graphs show the percentage of cells in early apoptosis (annexin V�positive 824 

and PI-negative) and late apoptosis/necrosis (annexin V�positive and PI�positive). Data shown 825 

are presented as mean values of biological triplicates. Error bars indicate SD *P < 0.05, **P < 826 

0.01, *** P < 0.001, unpaired t-test.  827 

Fig. 5 EX527 enhances cisplatin cytotoxic activity in an in vivo syngeneic mouse model of 828 

HPV16-induced cancer.  829 

a Schematic illustration of the tumor model in which C3.43 cells were subcutaneously 830 

inoculated into the back of C57BL/6J mice. EX527 (10 mg/kg) and/or cisplatin (0.5, 1, 2.5 831 

mg/kg) were administered intraperitoneally from day 7 after cancer cell injection, with one 832 

dose every two days up to day 19, when the tumors were harvested. b Tumor volumes from 833 
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mice (n=4 each group) treated as indicated in panel A were measured every two days and 834 

reported as mean volume of 4 tumors for each treatment. Statistical analysis was carried out by 835 

comparing each treatment vs vehicle. SD. *P < 0.05 (for vehicle vs Cis 1 mg/kg and vehicle vs 836 

EX527+Cis 1 mg/kg), **P < 0.01 (for vehicle vs Cis 2.5 mg/kg and vehicle vs EX527+Cis 2.5 837 

mg/kg), unpaired t-test. c Tumor weights from mice treated as indicated in panel A were 838 

determined at the endpoint of the experiment. Each dot represents data from a mouse. Error 839 

bars indicate SD. *P < 0.05, **P < 0.01, unpaired t-test. d Tumor volumes from mice (n=8 840 

each group) injected i.p. with EX527 (10 mg/kg) and cisplatin (1 mg/kg), either combined or 841 

single treatment, were measured every two days and reported as mean volume of 8 tumors for 842 

each treatment. Error bars indicate SD. *P < 0.05, *** P < 0.001, unpaired t-test. e Tumor 843 

weights from mice treated as described in panel D were determined at the endpoint of the 844 

experiment. Each dot represents data from a mouse. Error bars indicate SD. ***P < 0.001, 845 

unpaired t-test. f Representative images of tumors for each treatment from mice treated as 846 

indicated in panel D. g Representative H&E and IHC staining for p53 and Ki67 antibody 847 

performed on tumors treated with vehicle or EX527 (Scale bars: 20 μm). Quantitative cell 848 

image analysis was carried out on tissue samples viewed at 40x magnification. Automatic 849 

quantitation of positive nuclei count of stained sections was performed using QuPath v0.2.6. 850 

For each slide, cells with nuclear staining were counted in six random non-adjacent areas, and 851 

results from the 6 areas were averaged to generate a percentage of positive cells per mm2. The 852 

percentages of positive cells/mm2 of each slide were then averaged and plotted. Error bars 853 

indicate SD. *** P < 0.001, unpaired t-test. 854 

Fig. 6 Schematic model depicting the molecular circuitry governing p53 functions via 855 

SIRT1-mediated acetylation in HPV+ cells. The left part of the diagram illustrates the 856 

molecular interplay involving the p53 protein ubiquitinated at position K382, the viral 857 

oncoprotein E6, and the cellular ubiquitin ligase E6AP, which leads to p53 degradation under 858 
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normal conditions in HPV+ cells. The right part of the diagram depicts the impact of SIRT1 859 

inhibition on p53 acetylation. With SIRT1 inhibited either pharmacologically (e.g., using the 860 

specific inhibitor EX527) or through genetic silencing (e.g., siRNA), the acetylation of lysine 861 

at position K382 persists, rendering it inaccessible for ubiquitination, leading to p53 862 

restoration. 863 

Figure S1. Restoration of the p53/p21 pathway observed upon EX527 treatment is not 864 

associated with circadian effects.  NOKE6/E7 cells were treated with EX527 (80 µM) or 865 

vehicle (DMSO) for the indicated time points, and then total cell extracts were subjected to 866 

immunoblot analysis with anti-p53, anti-p21CDKN1A, or anti-GAPDH antibodies as loading 867 

control. One representative Western blot from three independent triplicates is shown. 868 

Figure S2. Differential induction of senescence-associated beta-galactosidase activity 869 

(SA-β-gal) in HPV+ cells upon SIRT1 inhibition or E6/E7 depletion. Representative images 870 

of HeLa, CaSki, and NOKE6/E7 cells treated with EX527 (80 µM) or vehicle (DMSO), or 871 

transfected with siCtrl, siE6E7, or siSIRT1 for the indicated time points.  872 

Figure S3. Doxorubicin and cisplatin sublethal doses assessment. HeLa, CaSki, 873 

NOKE6/E7, SCC152, C33A, HNO150 cells were mock-treated or treated with various 874 

concentration of doxorubicin (0.5, 1.5, or 3 µM) (a) or cisplatin (2.5, 5, 10, 15 µM) (b) for 24 875 

h. Cell proliferation was determined by MTT assay in three biological replicates. Error bars 876 

indicate SD. *P < 0.05, **P < 0.01, *** P < 0.001, unpaired t-test. 877 
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