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Human papillomavirus (HPV)-associated cancers of the genital and head and neck region 

account for 5% of all global cancer cases. The pathogenesis of these malignancies is 

predominantly driven by the dysregulated expression of the viral oncoproteins E6 and E7, 

which target p53 and pRb proteins, respectively, and promote cellular proliferation abrogating 

cell cycle checkpoints. The laboratory of Molecular Virology headed by Professor Gariglio has 

recently uncovered a novel route used by high-risk HPVs to effectively suppress p53 activity 

centered around the cellular deacetylase SIRT1. Specifically, it was found that inhibition of 

SIRT1 in HPV+ cell lines reinstated a transcriptionally active K382-acetylated p53, leading to 

cell cycle arrest and reducing cell survival when compared to HPV- cells. In addition, it was 

demonstrated that treatment with the SIRT1 inhibitor namely EX527, enhanced the sensitivity 

of HPV+ cells to sublethal doses of standard genotoxic agents both in vitro, including NOKE6/E7 

cells, and in vivo in a syngeneic mouse model obtained by dorsal subcutaneous injection of 

C3.43 cells, harboring an integrated HPV16 genome, into C57BL/6J mice (Lo Cigno et al., 2023). 

Consistently, in this thesis we aimed to validate the anticancer efficacy of EX527 in NOKE6/E7 

organotypic raft cultures and in xenografts of NOKE6/E7 into NOD SCID -null (NSG) mice. In 

particular, we found that NOKE6/E7 raft cultures treated with EX527 showed a reduced 

epithelial thickness compared to those treated with vehicle as confirmed by a lower EdU 

incorporation and a reduction in the percentage of cells positive for the proliferation marker 

MCM7. Moreover, NOKE6/E7 invasiveness was found significantly decreased. Same results 

were obtained in the xenograft models where EX527 treatment leads to a reduction of the 

tumor burden, a decrease of the number of cells positive for the cellular proliferation marker 

Ki67, and p53 restoration. In addition, mass-spectrometry (MS) analysis of the proteins co-

immunoprecipitated with SIRT1 from NOKE6/E7 cellular extracts allowed to isolate the SIRT1 

interactome. STRING and GO term analyses identified a network of interacting proteins 

involved in “DNA repair” and “nuclear DNA replication”, including MCM7 and MCM4, 

belonging to the mini-chromosome maintenance (MCM) protein family. Therefore, we aimed 

to validate the SIRT1 interactome by immunoprecipitation and proximity ligation assay (PLA) 

to demonstrate the existence of a DNA-binding platform consisting of SIRT1 and the MCM 

complex at the replication origin necessary to prevent excess replication and preserve genomic 

stability. Altogether, these findings reveal a novel role of SIRT1 during HPV-driven oncogenesis, 

influencing not only p53 stability but also DNA replication. We propose that hrHPVs hijack 

SIRT1 to modulate these pathways through deacetylation. 
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2.1 PAPILLOMAVIRUSES 

2.1.1 General features and classification 

Papillomaviruses (PVs) are small, icosahedral, non-enveloped viruses with a double-stranded 

DNA of approximately 8 kilobases (kbp) in length. They belong to the Papillomaviridae family 

which consists in over 400 genotypes with a pronounced tropism for stratified squamous 

epithelia. PVs can induce cutaneous and mucosal hyperplastic lesions in a wide range of 

vertebrates (Egawa et al., 2015). Papillomavirus types are also classified according to the 

genome sequence of the L1 open reading frame, the most conserved gene coding for the 

major capsid protein (Burk et al., 2013). Human papillomaviruses (HPVs) are grouped into five 

genera, alpha, beta, gamma, mu, and nu. Different genera show different life cycle and disease 

association (Doorbar et al., 2015). HPVs are divided into “cutaneous” or “mucosal”, depending 

on the capacity to infect basal epithelial cells of the skin or mucosa. Cutaneous HPVs, mainly 

found in beta and gamma genera, infect the skin of immunocompromised individuals only, 

while, mucosal ones, belonging to the alpha genus, affect both cutaneous and mucosal tissues 

of healthy subjects. Mucosal HPVs are also defined as either “low-risk” or “high-risk” HPVs 

based on the propensity for malignant progression (Egawa et al., 2015; Nelson & Mirabello, 

2023). Low-risk genotypes produce, in most individuals, asymptomatic infections or benign 

lesions such as common warts, genital warts (condyloma acuminata) and papillomas. 

However, problematic pathologies (e.g. recurrent respiratory papillomatosis and 

epidermodysplasia verruciformis), eventually associated with cancer development, can 

appear in case of immunodepression or genetic predisposition (Egawa & Doorbar, 2017). The 

most common low-risk HPVs are HPV6 and 11. 

High-risk HPVs (hrHPVs), instead, are associated with cervical or other anogenital cancers and 

with head and neck cancers, particularly oropharyngeal cancer. HPV accounts for 5% of all 

cancers worldwide. Papillomavirus infection is the etiological factor of over the 95% and the 

70% of cervical and oropharyngeal cancer cases, respectively (Gheit, 2019; Johnson et al., 

2020). Twelve hrHPVs (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59) are considered carcinogenic 

for the humans, whereas other genotypes (HPV26, 53, 66, 67, 68, 70, 73, 83) are classified as 

possible or probably carcinogenic (Gheit, 2019). 
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Figure 1. Human papillomavirus types found in humans fall into five genera and alpha, beta (blue) and 

gamma (green) represent the largest groups. Alpha genus comprises low-risk cutaneous (light brown), low-

risk mucosal (yellow) and high-risk (pink) types according to their association with the development of 

cancer. High-risk types highlighted in red are confirmed as carcinogens for humans based on epidemiological 

data, while the remaining are probable or possible carcinogens. Beta, gamma, mu, and nu-papillomaviruses 

are responsible for cutaneous lesions. The evolutionary tree is based on alignment of the E1, E2, L1, and L2 

genes (Egawa et al., 2015). 

 

2.1.2 Structure and genome organization 

Human papillomaviruses carry a circular double-stranded DNA within an icosahedral capsid of 

about 55 nm in diameter. Viral organization is strictly maintained in all HPV family members 

and consists of three functional regions with a total of eight open reading frames (ORFs) coding 

for both structural and non-structural proteins. Two polyadenylation sites separate the three 

regions from each other. The upstream regulatory region (URR), or long control region (LCR), 

contains regulatory elements, including transcription factor-binding sites, enhancer and 

promoter elements, and the viral origin of DNA replication (ori). The early (E) and the late (L) 

regions represent the codifying portion of the viral DNA and code for non-structural and 

structural proteins, respectively (Moody, 2022; Scarth et al., 2021; Yu et al., 2022). 

E1 protein is an ATP-dependent hexameric DNA helicase essential for viral replication. It is 

involved in increasing the copy number of the viral episome upon infection of basal 
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keratinocytes and in maintaining a constant level of episomes in cells migrating upward the 

epithelium. In addition, E1 also promotes the amplification of the viral genome during the 

productive phase of the viral life cycle (Bergvall et al., 2013). Instead, E2 is the main 

transcriptional regulator of HPV. It primarily recruits cellular factors to the viral genome, 

activating or repressing transcriptional processes. Mutations of the viral genome or integration 

into the host genome are the principle causes of occasional loss of E2 functions, which leads 

to alleviation of E2-mediated repression with an increased expression of the E6 and E7 genes 

(McBride, 2013). 

E4 protein has a role in genome amplification, expression of capsid proteins and virus 

assembly, transmission, and release. Its abundance in lesions makes the protein a suitable and 

specific biomarker of active infection and disease severity, especially in case of hrHPV infection 

(Doorbar, 2013). Additionally, E4 is thought to have a role also in virus escape from cornified 

epithelial layers (Egawa et al., 2015). 

E5, E6 and E7 are the proteins responsible for HPV-dependent malignant transformation. They 

interact with many host cell proteins deregulating essential cellular functions and, thus, 

promoting several hallmarks of cancer. E6 and E7 proteins have a key role in cell cycle 

deregulation, cell immortalization and invasion, and immune system modulation. 

Furthermore, they interfere with DNA damage repair. In particular, E6 from hrHPVs binds to 

and promotes degradation of the tumor suppressor protein p53, leading to uncontrolled cell 

proliferation and apoptosis arrest, whereas hrHPV E7 targets the retinoblastoma tumor 

suppressor (pRb) protein inducing its ubiquitination and eliciting E2F-mediated transcriptional 

activation of S-phase genes. Even though less characterized, E5 is thought to sustain 

proliferative signalling and to modulate the immune system (Estêvão et al., 2019). However, 

low-risk HPVs lack E5 or encode different types of the protein with less transforming ability (de 

Freitas et al., 2017). L1 and L2 proteins are the major and the minor capsid proteins, 

respectively. They both have a role in the process of virion assembly. L1 is also involved in the 

initial interaction of the capsid with the host through interactions with heparan sulphate 

carbohydrates displayed on proteoglycans (Buck et al., 2013), whereas L2 is implicated also in 

the infectious process (J. W. Wang & Roden, 2013). 
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Figure 2. HPV genome has a double-stranded DNA structure. Genes are transcribed in a single direction 

(clockwise) and encode for non-structural (E1, E2, E4, E5, E6, and E7) and structural (L1, L2) proteins. The 

upstream regulator region (URR) acts as the regulator of DNA replication and contains the origin of 

replication (ori). p97 and p670 are the major promoters (Nelson & Mirabello, 2023). 

 

2.1.3 HPV life cycle 

HPVs infect keratinocytes of the cutaneous and mucosal stratified epithelia, which are 

composed of a basal layer with self-renewing cells that divide symmetrically to replenish the 

layer, and asymmetrically to generate daughter cells that make up the differentiated layers. 

HPV life cycle is linked to the differentiation program of epithelial keratinocytes (McBride, 

2022). Firstly, viral particles have access to the basal layer via microlesions, hair follicles or by 

entering cells at the squamo-columnar junctions; then viral progeny is produced in 

differentiated daughter cells in the uppermost epithelial layers; lastly new virions are released 

from the surface of the epithelium in exfoliating squames or superficial keratinocytes (Harden 

& Munger, 2017; McBride, 2022). Consequently, HPV life cycle takes 3 weeks: the time 

needed for an epithelial cell to differentiate and migrate from the basal to the superficial layer, 

undergo senescence and die. 

To establish an infection, the first interaction between HPV and the host is the viral L1 capsid 

protein-mediated binding with the heparin sulphate proteoglycans, located on the basement 

membrane or on the surface of basal layer cells. This binding leads to a cyclophilin B-mediated 

conformational change in the capsid that allows the exposure of the N-terminus of the L2 

protein. Then, the N-terminus is cleaved by furin protease and/or related cellular proprotein 

convertases (e.g. PC5, 6) enabling the linkage to a still unknown secondary receptor on the 

membrane of the target cell (Graham, 2017; J. W. Wang & Roden, 2013). Once internalized by 
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endocytosis, virions travel through the endosomal system, undergo uncoating, and enter the 

nucleus, coupled with the L2 protein, through a tubulin-dependent pathway. L2 also ensures 

the correct nuclear entry of the viral episomal genome, while L1 protein is retained in the 

endosome and ultimately subjected to lysosomal degradation (Doorbar et al., 2012). 

 

 

Figure 3. HPV attaches to HSPG on the exposed basement membrane. L2 protein is then cleaved by the 

action of a furin protease (2), resulting in a conformational change of the virion (3). Thereafter, the virion 

can bind to cell surface receptors (4) (Kines & Schiller, 2022). 

 

Following infection and uncoating, the initial genome amplification phase starts in the basal 

keratinocytes of the epithelium. E1 and E2, among the first viral proteins to be transcribed, are 

necessary in this process to maintain the episomal genome at low copy number (50-200 copies 

per cell) (Gheit, 2019). E2 protein contains a DNA-binding domain and a protein-binding 

domain. As homodimer, it can bind to four palindromic sites in the LCR, three of which are 

adjacent to the origin of replication and are required for E1-activated viral replication. In 

addition, E2 can interact with E1 that binds the ori, resulting in the recruitment of the cellular 

DNA replication machinery (Graham, 2017; McBride, 2013). E2 acts also in limiting the 

expression levels of the early proteins by transcriptionally repressing the P97 promoter to 

avoid the activation of the immune response; therefore, HPV is capable in maintaining 

infection of epithelial cells over a significant period (Graham, 2017). 

In normal epithelium, basal cells exit the cell cycle soon after migrating into the suprabasal cell 

layers and undergo a process of terminal differentiation. Conversely, in HPV-infected cells, the 

virus has developed strategies to prevent cell cycle arrest and apoptosis signals. Here, a key 

role is played by the oncoproteins E6 and E7, which inactivate tumor suppressor proteins and 

activate signal transduction to ensure that the infected cells remain proliferating and progress 
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to the S phase (Gheit, 2019). Furthermore, E7 protein is involved in the activation of another 

crucial pathway for the HPV genome amplification upon differentiation: the DNA damage 

response pathway, mainly ATM signaling pathway (Graham, 2017; Hong & Laimins, 2013). 

These are important steps for the establishment of the second - productive - phase of viral 

genome replication that occurs in cells of the mid to upper epithelial layers. E4 and E5 proteins 

contribute to the efficient and productive replication by modifying the cellular environment 

(Doorbar et al., 2012). 

The expression of the late proteins L1 and L2 and the following encapsidation of newly 

replicated genomes represent the completion of the viral life cycle. Virion assembly occurs in 

terminally differentiated keratinocytes and fully formed virions are released through dead 

squames that are shed from the epithelial surface (Gheit, 2019; Graham, 2017; Harden & 

Munger, 2017). 

 

Figure 4. Infection is thought to require a microtear exposing the basal layer of the epithelium, where host 

cells susceptible to infection reside. In around 3 weeks viral genome copy number increases from reservoir 

levels by at least an order of magnitude. Different viral proteins dominate expression at different levels of 

the epithelium, in coordination with host cell differentiation. Viral particle formation takes place only in the 

upper layers, where the capsid proteins L1 and L2 are expressed. (Nelson & Mirabello, 2023). 

 

2.1.4 HPV life cycle deregulation and cancer progression 

The ordered expression of viral gene products that leads to virus particle production is lost in 

HPV-associated neoplasia (Doorbar et al., 2012). Although the hrHPV infection is associated 

with human cancers, the progression to cervical cancer is a rare event and results after a long 

latency period (zur Hausen, 1996). A major role is played by E6 and E7 proteins, whose 

dysregulated expression is often (70-80% of the cases) due to the integration of the viral 
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genome into the host genome, resulting in a disruption of E2 coding sequence. The 

overexpression of the viral E6 and E7 oncogenes promotes cellular proliferation, abrogates cell 

cycle checkpoints, and causes progressive genetic instability, giving cells a selective growth 

advantage and driving oncogenic transformation. HPV integration events can be detected in 

cervical premalignant lesions that are known as cervical intraepithelial neoplasia (CIN) 

(McBride & Warburton, 2017). CINs are graded into three progressive groups based on the 

proportion of abnormally affected epithelium: CIN 1, CIN 2, and CIN 3. CIN 1 are low-grade 

cervical abnormalities (low-grade squamous intraepithelial lesions – LSIL) and are usually 

cleared by the immune system within one year. On the other hand, CIN 2 and CIN 3 are high-

grade cervical abnormalities (high-grade squamous intraepithelial lesions – HSIL) and have an 

escalated risk for cervical cancer progression. An accurate identification of the lesion grade has 

also a prognostic significance, as around 20% of CIN 1 will progress to CIN 2, and around 30% 

of CIN 2 will progress to CIN 3, when untreated. CIN 3 are generally considered the direct 

precursors of cervical cancer, and around 40% of CIN 3 lesions will progress to cervical cancer 

in the absence of intervention (Burd, 2003; Zhou et al., 2019). In addition, the expression of 

E6 and E7 proteins increases from CIN 1 to CIN 3 lesions, reflecting the neoplastic phenotype. 

In CIN 1 lesions, the ability to complete the HPV life cycle and to produce viral particles is 

retained, whereas in CIN 2+ lesions the elevated level of E6 and E7 predisposes cells to genetic 

errors accumulation and, consequently, to cancer progression (Doorbar et al., 2012). 

Although the continuous expression of these proteins is required to maintain the transformed 

phenotype, it is not sufficient for virus-mediated carcinogenesis (Graham, 2017); about the 

90% of healthy individuals are capable to successfully clear HPV lesions within 1-2 years. HPV 

infection activates a cell-mediated immune response that results in T cell infiltration and, from 

6 to 12 months after infection, in anti-HPV antibodies production (McBride, 2022). As it has 

been observed in studies using animal models, lesion regression, rather than occurring 

through massive apoptosis or cell death, the infected cells are actively replaced with 

apparently normal cells that still contain viral genomes with very low viral gene expression 

(Doorbar et al., 2012). Latent infections most likely take place in dividing stem cells where the 

virus can persist with very tiny gene expression. Given that, HPV latent infection emerges as 

an important feature in the establishment of persistent infection.  
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Therefore, to achieve a persistent infection that will progress to cancer, HPVs have evolved 

mechanisms to inhibit interferons production, JAK-STAT pathway-dependent transcription 

factors, and to evade immune system (Hong & Laimins, 2013). 

 

Figure 5. Most of the HPV infections are transient and are cleared by the immune system within a couple of 

years. However, 10–20% of infections persist latently, leading to disease progression. Lesions are known as 

cervical intraepithelial neoplasia (CIN) and are classified according to its severity. Low-grade squamous 

intraepithelial lesions (LSIL) advance to high-grade squamous intraepithelial lesions (HSIL), leading to 

invasive carcinoma. Despite tumor regression in response to initial treatment, most cases of latent infection 

prevent complete clearance of the viral infection and eventually results in lesion reoccurrence 

(Shanmugasundaram & You, 2017). 

 

2.1.5 HPV-derived head and neck squamous carcinomas 

Head and neck squamous cell carcinomas (HNSCCs) are a heterogeneous group of tumours 

arising in epithelial cells of mucosal linings of different anatomical sites of the upper 

aerodigestive tract, including paranasal sinuses, lips, oral cavity, pharynx (nasopharynx, 

oropharynx, hypopharynx), and larynx (Ghiani & Chiocca, 2022). HNSCCs have been correlated 

to alcohol consumption, smoking, and poor oral hygiene, and only more recently hrHPVs 

emerged as a risk-factor for the pathogenesis. As for cervical cancer, the most involved hrHPV 

is HPV16 (90% of the cases). It is mainly associated with a subset of oropharyngeal squamous 

cell carcinomas (OPSCCs) arising from tonsillar crypts, the epithelium with the most 

susceptibility to cellular transformation in the head and neck region (Johnson et al., 2020; 

Sabatini & Chiocca, 2020). Thus, the incidence of HPV-positive OPSCC has significantly 

increased in the last decades and HPV is expected to become its major etiological factor by 

2040 (Estêvão et al., 2019). 

Despite their histological similarities, HPV-positive and HPV-negative HNSCCs are now 

considered as two distinct cancers, with different molecular profiles, tumour characteristics 
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and outcomes. HPV-positive HNSCCs are typified by p53 degradation, pRb down-regulation, 

and p16 upregulation. In these tumours, cancer progression is mediated by viral E6 and E7 

oncoproteins or by genome integration-induced genomic rearrangements. By contrast, HPV-

negative HNSCCs are characterized by p53 mutation, pRb upregulation, and p16 

downregulation and cancer progression is mediated by alcohol and tobacco carcinogens-

induced hyper mutational status and chromosomal instability (Ghiani & Chiocca, 2022; Powell 

et al., 2021). Furthermore, other quite common molecular features of HPV-positive HNSCC are 

EGFR amplification and PI3K/AKT/mTOR pathway aberrant activation (Sun et al., 2021). HPV 

status is also a prognostic marker. Indeed, HPV-positive OPSCC patients show a significantly 

improved overall and disease-free survival compared to HPV-negative OPSCC (e.g. 

NCT00047008 clinical trial (RTOG 0129) – 3 years overall survival (OS) 82,4% vs 57.1%; p<0.001) 

(Ang et al., 2010; Radiation Therapy Oncology Group, 2023).  

Currently, traditional standard-of-care treatment for patients with localized or locally advanced 

OPSCC is combined cisplatin-based chemotherapy and radiation, excluding patients with early-

stage disease who may be qualified for surgical intervention. That treatment has been shown 

to be very effective, with a 5-year OS of up to 95% in HPV-positive patients (You et al., 2019). 

Another possible therapeutic strategy can be the use of PI3K inhibitors that showed promising 

results but still have a long way to go (Sun et al., 2021). 

 

Figure 6. Head and neck cancer regions (National Cancer Institute) 

 

2.2 SIRT1 AND CANCER 

The mammalian Sirtuins (SIRT1-7) are NAD+-dependent class III histone deacetylases. During 

the deacetylation process NAD+ is hydrolysed and the lysine-bound acetyl group of their target 

proteins is transferred on APD-ribose with the formation of nicotinamide and 2’-O-acetyl-ADP-
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ribose (Wu et al., 2022). Sirtuins have different subcellular localization and a high number of 

both histone and non-histone targets (Roth & Chen, 2014). SIRT1 is the most studied Sirtuin 

and it is involved in the regulation of different important cellular processes including cell 

proliferation, apoptosis, cell invasion and metastasis, inflammation, oxidative stress, glucose 

and lipids metabolism, autophagy, aging, genetic stability, and DNA repair (T. F. Liu & McCall, 

2013; Roth & Chen, 2014; Wu et al., 2022).  As mentioned before, SIRT1 is involved in the 

deacetylation of histones, such as histone H4 lysine 16 (H4K16), histone H3 lysine 9 (H3K9) and 

14 (H3K14), histone H1 lysine 26 (H1K26), and in the deposition of histone variants (e.g. 

H2AX), leading to gene silencing and heterochromatin formation (Roth & Chen, 2014). SIRT1 

also regulates histone methylation inducing the production of H4K20me, H3K9me3, and 

H3K79me2 (Vaquero et al., 2004). Moreover, SIRT1 recruits the histone methyltransferase 

SUV39H1 and deacetylases it on Lys266 in its catalytic SET domain to stimulate its 

methyltransferase activity, resulting in increased levels of the H3K9me3 modifications (Z. Li et 

al., 2009; Vaquero et al., 2007). However, the most relevant action of SIRT1 is that on non-

histone substrates, such as p53, FOXO1 and 3, HIF1⍺, and NF-kB. SIRT1 directly interacts with 

and deacetylases p53 on Lys382 residue, which will be then ubiquitinated and degraded by 

the E3 ubiquitin ligase E6AP-E6 complex, leading to a decreased transcription factor activity at 

the promoter region of p21 and consequently to the inhibition of the p53-dependent 

apoptotic response (Luo et al., 2001; Vaziri et al., 2001). In addition, SIRT1 interacts with 

hypermethylated in cancer 1 (HIC1), a tumor suppressor and transcriptional repressor 

epigenetically inactivated in cancer, to form a transcriptional repression complex, which 

directly binds to SIRT1 promoter impairing its transcription. HIC1 depletion results in 

upregulated SIRT1 levels and reduced p53 function, allowing cells to bypass apoptosis and 

survive DNA damage, and therefore predisposing cells to cancer (Lin & Fang, 2013). For these 

reasons, SIRT1 upregulation has been described in many cancers, such as breast cancer (Y. Xu 

et al., 2018), non-small cell lung cancer (X. Li et al., 2018), hepatocellular carcinoma (L. Liu et 

al., 2016), colorectal cancer (Ren et al., 2017), prostate cancer (Huffman et al., 2007), cervical 

cancer (So et al., 2018), endometrial cancer (Asaka et al., 2015), glioma (H. Chen et al., 2019), 

and leukemia (F. Wang et al., 2021). In addition, elevated expression of SIRT1 in gynaecological 

tumours was found associated with chemotherapy and radiotherapy resistance and correlated 

with poor prognosis and survival (Velez-Perez et al., 2017). However, some evidence show that 

it can act as both oncogene and/or tumor suppressor depending on cellular contest, target, 
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cancer type, and stage (Wu et al., 2022). For example, in ovarian cancer SIRT1 reduces high 

mobility group box-1 (HMGB1) protein expression and acetylation inhibiting migration, 

invasion, and angiogenesis (Jiang et al., 2018). Furthermore, SIRT1 deacetylases also p65 

subunits of NF-kB, blocking the transcription of its downstream anti-apoptotic genes (Lin & 

Fang, 2013; Roth & Chen, 2014). Finally, SIRT1 could have a potential role as diagnostic and 

prognostic biomarker in patients with cancer (Wu et al., 2022). 

 

2.2.1 SIRT1 in HPV-associated cancer 

Cervical cancer represents the last step of progressive cervical disease. As described above, 

hrHPV E6 and E7 proteins are the major responsible for HPV-driven carcinogenesis, and higher 

levels of SIRT1 have been determined in this malignancy. However, few is known about a 

possible relationship between the virus and SIRT1. 

Being a critical regulator of both basal viral replication and transcription, SIRT1 has been 

reported to play an important role in modulating HPV life cycle. It interacts with HPV31 

genome modifying the acetylation status of URR-bound histones H1 (Lys26) and H4 (Lys16) 

and controlling the recruitment of some members of the ATM DNA damage response pathway 

(e.g. NBS1 and Rad51) (Langsfeld et al., 2015). Furthermore, Das and colleagues found that 

SIRT1 is a member of the HPV16 E1-E2 DNA replication complex and is recruited to the viral 

origin of replication in an E1-E2-dependent manner (D. Das et al., 2017). In line with the study 

of Langsfeld, Das and colleagues hypothesised that HPV requires SIRT1-dependent 

recruitment of homologous recombination factors (i.e. NBS1 and Rad51) to amplify its genome 

in undifferentiated cells as well as in the uppermost layers of the infected epithelium.  

Allison and colleagues reported that SIRT1 is upregulated by HPV16 E7 oncoprotein in human 

cervical cancer SiHa cell line (Allison et al., 2009), but it remains unclear whether they directly 

interact each other. In this work, the authors demonstrated that HPV16 E7 influences SIRT1 

levels by acting at post-transcriptional level and confers a pro-survival effect to cervical cancer 

cells. In particular, RNAi-mediated silencing of HPV E7 in SiHa cells reduces SIRT1 protein levels 

by 50% 48 hours post-transfection and induces apoptosis. Similar results were obtained also 

in primary human keratinocytes transfected with HPV E7 expression vector (Allison et al., 

2009). These results are consistent with and may explain to the overexpression of SIRT1 

protein in CINs and squamous cell carcinomas (SCCs), as revealed by Velez-Perez and 

colleagues (Velez-Perez et al., 2017). The authors evaluated the expression of the protein in 
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101 tissue specimens from uterine cervix including 28 CIN 1, 32 CIN 2, 16 CIN 3, 2 microinvasive 

SCC, and 22 invasive SCC. 13,8% of CIN 1, 40,6% of CIN 2 and 50% of CIN 3 showed SIRT1 

overexpression prevalently at cytoplasmic level. On the other hand, 68% of SCC showed SIRT1 

overexpression at both nuclear and cytoplasmic level, 25% of SCC only at cytoplasmic level, 

and 4% of SCC only at nuclear level (Velez-Perez et al., 2017). These results indicate that 

increasing expression of SIRT1 is positively correlated with the progression of cervical disease. 

In addition, in the laboratory of Molecular Virology headed by Professor Gariglio, the group I 

joined for my internship, it has been demonstrated for the first time the role of SIRT1 in HPV-

driven carcinogenesis. Indeed, they revealed the existence of a novel SIRT1-dependent circuit 

whose disruption leads to restoration of a functional p53 in HPV-transformed cells. Specifically, 

they found that SIRT1 inhibition, either by the specific pharmacological inhibitor EX527 (also 

known as Selisistat) or gene silencing, leads to K382-acetylated p53 restoration in HPV-

transformed cells. Consistently, EX527 treatment promotes cell cycle arrest in G0/G1 phase and 

reduces cell viability and clonogenicity of HPV+ cells, but not of HPV- cells. Moreover, they 

demonstrated that SIRT1 inhibition increases the sensitivity of HPV+ cells to sublethal doses of 

standard genotoxic agents, such as doxorubicin and cisplatin (Lo Cigno et al., 2023). 

 

2.3 MINICHROMOSOME MAINTENANCE COMPLEX 

DNA replication is a crucial event of the cell cycle. Indeed, the initiation of chromosome 

replication in eukaryotic cells is strictly regulated to ensure the production of a single copy of 

the DNA in each cell cycle. The assembly of Cdc45-MCM-GINS helicase is the key regulated 

step of this process (Xia et al., 2023). Although well characterized in Saccharomyces Cerevisiae 

and Xenopus laevis, DNA replication system is highly conserved across all eukaryotes (Ying & 

Gautier, 2005). Among the different protein complexes recruited to the DNA during replication, 

there is the minichromosome maintenance (MCM) complex, which consists of six proteins 

(MCM2, 3, 4, 5, 6, 7 – briefly MCM2-7) arranged in a ring-shaped hexamer (Meagher et al., 

2019). MCM2-7 proteins belong to the AAA+ ATPase (ATPases associated with a variety of 

cellular activities) superfamily and are required for both initiation and elongation during  DNA 

replication (Drissi et al., 2018). Their activities are organised in a defined sequence of 

recruitment, loading, and activation, following the two different steps in which DNA replication 

can be divided into. Firstly, during G1 phase of the cell cycle two MCM complexes assemble 

head-to-head with Cdc6 and Cdt1 at replication origins to form the pre-replication complex 
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(pre-RC). This step needs ATP hydrolysis and allows the loading of MCM2-7 proteins onto the 

double strand of the DNA (Bochman & Schwacha, 2009; Meagher et al., 2019). Secondly, 

immediately after entering the S phase, cyclin- and Dbf4-dependent kinases (CDKs and DDKs) 

activity promotes the recruitment of Cdc45 and GINS resulting in the formation of an active 

helicase complex, the Cdc45-MCM-GINS (CMG) complex (Bochman & Schwacha, 2009; 

Meagher et al., 2019). CMG complex is involved in DNA unwinding (replication forks) and 

subsequent recruitment of the replication machinery, including DNA polymerases and other 

factors that participate in the assembly of the replisome complex (Neves & Kwok, 2017). 

Surprisingly, helicase activity of the CMG complex is provided by MCM complex, even though 

MCM2-7 proteins alone do not show any DNA helicase activity (Masai et al., 2010). Upon 

initiation of DNA replication in S phase, they start moving from replication origins. In response 

to the binding of Cdc45, GINS and all the other “firing factors”, MCM complexes undergo 

separation and remodelling so that each MCM hexamer encircles a single DNA strand (Abid Ali 

et al., 2016; Douglas et al., 2018). 

When two progressive replication forks converge, DNA replication machinery must be 

inhibited to prevent over-replication. A main role in the termination phase is played by the E3 

ubiquitin ligase CRL2Lrr1 (Cullin RING ligase) that ubiquitinates MCM7 subunit and recruits p97, 

which dissociate the CMG complex from the DNA (Dewar et al., 2017).  

 

Figure 7: MCM involvement in eukaryotic DNA replication initiation and elongation. At the beginning of G1 

phase, Cdc6 and Cdt1 recruit and load MCM2-7 to origins of replication to form the stable and inactive pre-

RC. In late G1 phase, the pre-RC is somehow activated for DNA unwinding by CDKs and DDK. This facilitates 
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the loading of additional replication factors (e.g., Cdc45, Mcm10, GINS, and DNA polymerases) and 

unwinding of the DNA at the origin. During S phase, Cdc6 and Cdt1 are degraded or inactivated to block 

additional pre-RC formation, and bidirectional DNA replication ensues (Bochman & Schwacha, 2009; Y. 

Wang et al., 2020).  

  

MCM2-7 proteins play a main role in DNA replication increasing proliferation, therefore an 

association with cancer is not surprising. Indeed, it is well known that these proteins 

contribute to tumor initiation, progression, invasion, metastasis via affecting epithelial to 

mesenchymal transition, and angiogenesis (Stewart et al., 2017; J. Xu et al., 2006). For these 

reasons, an aberrant expression and activation of these proteins were frequently found in 

many premalignant lesions and malignancies, leading to genome instability and uncontrolled 

cell cycle progression (Figure 8) (Y. Wang et al., 2020). Indeed, the MCM proteins are often 

positively related with Ki67, a well-known proliferation marker, in tumors (Neves & Kwok, 

2017; Y. Wang et al., 2020). Furthermore, MCM overexpression is correlated with poor 

prognosis in cancer patients. For example, MCM2 is correlated with reduced OS in lung and 

liver cancer and with reduced OS and disease-free survival (DFS) in gastric cancer (Y. Wang et 

al., 2020). Instead, MCM7 is correlated with relapse and invasion in prostate cancer, with poor 

survival rate in oesophageal squamous cell carcinoma (Neves & Kwok, 2017), and with reduced 

OS in non-small cell lung cancer (Toyokawa et al., 2011). This evidence suggests that MCM2-7 

proteins can represent a reliable prognostic marker and even a possible therapeutical target 

for the treatment of this type of cancer as their depletion or downregulation results in reduced 

cellular growth. 
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Figure 8. Aberrant MCM activation in different cancer types (Y. Wang et al., 2020) 

 

2.3.1 MCM7 in HPV carcinogenesis 

MCM7, one of the MCM complex component that binds to DNA double strand at replication 

origins in the late G1 phase and forms the pre-RC complex during cell cycle progression, is 

highly expressed in various cancers and can be used as a potential proliferation marker. This 

scenario can also be applied to HPV-driven oncogenesis where MCM7 upregulation has been 

steadily observed in both in vitro and in vivo setting, including human cancers, being 

considered an informative biomarker of E6/E7 deregulation and ensuing oncogenic activity. 

Indeed, MCM7 was found significantly upregulated in cervical cancer, CIN precursor lesions, 

and in in vitro organotypic raft cultures of human cervical keratinocytes harbouring HPV16 

genome (Brake et al., 2003; M. Das et al., 2013; Kang et al., 2018). In particular, MCM7 

represents a highly informative marker for the progressive disease that leads to cervical cancer. 

Indeed, Brake and colleagues demonstrated that increased MCM7 expression was observed in 

cervical cancer samples and HSILs arising from oestrogen-treated transgenic mice with HPV16 

E7 protein or with both HPV16 E6 and E7 proteins expressed in the basal layer of the epidermis. 

Conversely, in LSILs and hyperplastic cervical epithelium from non-transgenic mice and 

transgenic mice with HPV16 E6 protein expressed in the basal layer of the epidermidis, MCM7 

expression was lower and restricted to basal and parabasal layers. Similar results were found 
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even in biopsies from patients with progressive cervical disease (Brake et al., 2003). Moreover, 

it was demonstrated that deregulated MCM7 expression in the epidermis strongly influences 

both incidence and prevalence of papilloma formation as well as the progression from 

papilloma to squamous cell carcinoma (SCC) (Honeycutt et al., 2006). 

The upregulation of MCM7 in HPV-positive tumors was demonstrated to be due to E7 as a 

consequence of the pRB inactivation as it is an E2F-responsive gene (Balsitis et al., 2006). 

Indeed, by binding and consequently inactivating pRb, E7 activates the E2F family of 

transcription factors enabling the expression of E2F-responsive genes (Brake et al., 2003).  

In addition, MCM7 is known to interact with hrHPV E6 through its C-terminal domain 

(Kukimoto et al., 1998) and with E6AP via a homotypic motif called L2G box (Kühne & Banks, 

1998). In particular, Kühne and Banks demonstrated that MCM7 turnover is mediated by E6AP 

ubiquitination, suggesting a potential role of MCM7 as an E6AP-regulated checkpoint for DNA 

licensing that is irreversibly degraded after successful initiation of the DNA replication (Kühne 

& Banks, 1998). 

Some studies reported that MCM2-7 proteins may interact with the deacetylase SIRT1. In 

particular, it was conducted a proteomic study in 293T cells transfected with Flag-SIRT1 

plasmid and it was demonstrated that SIRT1 interacts with three components of the MCM 

complex, i.e. MCM3, 5, and 7 suggesting a possible role of these deacetylase in DNA replication 

origin firing (R.-H. Wang et al., 2014). In addition, it was found that the acetylation levels of 

the MCM proteins are significantly increased in SIRT1 knockout (KO) MEF cells. Specifically, 

acetylation of K857 and K818 on MCM4 increased by at least 40% upon SIRT1 knockout, and 

one acetylation site (K173) on MCM6 was identified only in SIRT1 knockout cells (Y. Chen et al., 

2012). Lastly, Thakur and colleagues identified MCM proteins as binding partners for SIRT1 on 

chromatin in HCT116 cells harbouring WT or mutant SIRT1 by performing SIRT1 chromatin 

interactome analysis using mass-spectrometry. Moreover, co-immunoprecipitation of the 

active phosphorylated SIRT1 (pT530-SIRT1) revealed interactions of pT530-SIRT1 with MCM2, 

MCM4, MCM6, and MCM7 and these proteins was found acetylated in KO or mutant SIRT1 

cells but not in WT cells (Thakur et al., 2022). 
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Recently, the group I joined for my internship has demonstrated the role of the cellular 

deacetylase SIRT1 in the carcinogenesis driven by HPV in epithelial cells and the potential of 

SIRT1 inactivation as a cornerstone of novel therapeutic strategies in preclinical models. 

Indeed, they demonstrated that SIRT1 upregulation is crucial for p53 deacetylation and its 

ensuing destabilization (or degradation), thus providing an alternative, attractive, and feasible 

option to inhibit cancer cell proliferation by using the specific pharmacological inhibitor of 

SIRT1 EX527. In this context, we propose to better understand the role of SIRT1 in HPV-induced 

carcinogenesis in more physiological systems like NOKE6/E7 organotypic raft cultures and a 

NOKE6/E7-based allogeneic HPV16-induced mouse cancer model and to assess whether 

targeting this protein could be an effective strategy for the treatment of HPV-associated cancer.  

Moreover, to shed light on the molecular mechanism underlying SIRT1 involvement in HPV-

driven cancers, we aim to identify SIRT1 interacting partners in NOKE6/E7 cells using a 

proteomic approach. A mass spectrometry analysis on protein extracts from NOKE6/E7 cells 

co-immunoprecipitated for SIRT1 revealed a network of interacting proteins involved in DNA 

replication, such as MCM7 and MCM4. In this work, we propose to validate their interaction 

with SIRT1, supporting the hypothesis about the existence of a DNA-binding platform 

comprising SIRT1 and the MCM complex at the replication origin necessary to prevent excess 

replication and preserve genomic stability. 
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4.1 Cell culture and treatments 

HFF (human foreskin fibroblasts) were cultured in DMEM medium (Sigma-Aldrich) 

supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich), 100 U/mL penicillin, 100 

µg/mL of streptomycin and 0.05% mM glutamine. NOKs HPV16 E6/E7 (for brevity NOKE6/E7), 

normal oral keratinocytes stably transduced with both E6 and E7 genes of HPV16 by lentiviral 

transduction, and their control counterpart (NOK, transduced with an empty control vector) 

were grown in keratinocyte serum-free medium (KSFM) supplemented with 25 µg/mL bovine 

pituitary extract (BPE), 0.2 ng/mL recombinant epidermal growth factor (rEGF), 0.3 mM CaCl2, 

100 U/mL penicillin and 100 µg/mL of streptomycin. A highly expressing E6 and E7 clone with 

high proliferation rates was isolated from a pool of NOKE6/E7 cells by limiting dilution.  

 

4.2 Organotypic raft cultures 

Organotypic raft culture were generated as described by Wilson and Laimins (Wilson & 

Laimins, 2005). Specifically, keratinocytes are plated onto a dermal equivalent layer composted 

of rat tail type I collagen and HFF. To prepare dermal equivalent layer, transwell inserts were 

loaded in deep well plate and 1 mL of type I collagen pre-mix – containing type I collagen, F12 

medium, 10% FBS, 1% penicillin and streptomycin, and 18,4 mM NaOH – is poured and 

incubated for 30 minutes at 37°C in a 5% CO2 environment for jellification.  6x106 HFF were 

then added to the remaining collagen pre-mix and dispensed at 2.6 mL per well into transwell 

inserts. Then, 18 mL of HFF media were added to the outer well and the plate was incubated 

at 37°C. After 4 days (day 0), 200µL (1,5 x 106 cells) of NOKE6/E7 cells were plated onto each 

dermal equivalent. After 2 hours of incubation at 37°C, 19 mL of F-Medium Incomplete 

supplemented with 0.5% FBS (F-medium incomplete is composed by 3 parts of DMEM high 

glucose and 1 part of Ham’s F12 medium and supplemented with 100 U/mL penicillin, 100 

µg/mL of streptomycin, 0.4 ug/mL hydrocortisone, 85 ng/mL cholera toxin, 5 ug/mL insulin, 

24.2 ug/mL adenine, and 1.88 mM CaCl2) were added in the outer well. At day 4 from 

keratinocytes plating, transwell inserts were lifted by adding sterile cotton pads above them 

into each well, to re-create the air-liquid interphase. Every two days from seeding, the media 

in the outer well was changed and starting from day 4, 12 mL of Cornification Media were 

added (F-medium supplemented with 5% of FBS). To allow cells to be exposed to air and fed 

only from the bottom through cotton pads, the volume of the media in the outer well was 

reduced to 9 mL starting from day 6. At day 12 and 14 raft cultures were treated with EX527 
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(80 µM) or equal volume of DMSO and the day after incubated overnight with 20 µM of EdU 

(5-ethynyl-2’-deoxyuridine). At day 16 raft cultures were harvested. After removing the media 

from the outer well, the raft cultures were removed from each transwell insert by cutting the 

bottom of the well with a scalpel, turned down in a gauze, inserted in a tissue-tek cassette and 

incubated overnight in 10% buffered formalin solution. Lastly, dehydration and inclusion in 

paraffin was performed to obtain formalin-fixed paraffin-embedded (FFPE) samples. 

 

4.3 Immunohistochemistry and Immunofluorescence 

FFPE sections were deparaffinized by heating (56°C) for 30 to 60 minutes, then washed in 

xylene twice (2 x 15 minutes), re-hydrated through a graded series of ethanol washes (100%, 

95%, 90%, and 75%), rinsed in PBS and treated with 3% hydrogen peroxide for 8 minutes in 

dark conditions to block endogenous peroxidase activity. After washing with PBS, antigens 

were retrieved using citric acid-based antigen unmasking solution (H-3300, Vector 

Laboratories, Newark, CA, USA) in a pressure cooker (Bio SB, Santa Barbara, CA, USA) according 

to manufacturer’s instructions (15 minutes, High Pressure program) and then chilled to cool at 

room temperature for additional 30 to 40 minutes. Sections were rinsed in PBS and blocked 

with animal free Blocker and Diluent solution (SP-5035, Vector Laboratories, Burlingame, CA, 

USA) for immunohistochemical staining or with 10% normal goat serum (NGS) (S-1000, Vector 

Laboratories, Newark, CA, USA) for immunofluorescence staining for 1 hour at room 

temperature. Primary antibodies were diluted in blocking solution before being applied to the 

sections and incubated overnight at 4°C in a humidified chamber. The following antibodies 

were used: anti-p53 (sc-126, Santa Cruz Biotechnology, diluted 1:100), anti-Ki67 (ab16667, 

Abcam, diluted 1:200), anti-MCM7 (ab96849, Abcam, diluted 1:200). For EdU detection, 

before adding primary antibody a Click-iT reaction was performed accordingly to 

manufacturer’s instruction (BCK-EdU488IM100, BaseClick GmbH). Briefly, slides were 

incubated for 30 minutes at dark with a reaction cocktail containing 10% of Reaction buffer, 

Reactor system, 1 mM of dye azide, and 10% of Buffer additive provided by the kit. The day 

after, sections for immunohistochemistry were washed in PBS and incubated with biotinylated 

horse anti-mouse/rabbit IgG (BP-1400, Vector Laboratories, Newark, CA, USA) for 30 minutes 

at room temperature. After washing in PBS 0.1% Tween-20, sections were incubated with 

Vectastain elite peroxidase reagent (PK-7100, Vector Laboratories, Burlingame, CA, USA) for 

30 minutes at room temperature. Subsequently, sections were washed in 0.1% Tween-20 and 
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biotin signal was amplified by adding peroxidase DAB substrate kit (PK-4100, Vector 

Laboratories, Burlingame, CA, USA). Section counterstaining was performed using 

Haematoxylin for 30 seconds. Sections were dehydrated through a graded series of ethanol 

(75%, 95%, and 100%), cleared in xylene, and then mounted using Vectamount permanent 

mounting medium (H-5000, Vector Laboratories, Burlingame, CA, USA). Images were acquired 

with Axioscan 7 (Zeiss) and quantitated using QuPath software. 

In contrast, after overnight incubation with primary antibody, sections for 

immunofluorescence were washed with PBS 0.05% Tween-20 and incubated with the 

respective species-specific Alexa Fluor 488-conjugated or Alexa Fluor 568-conjugated 

secondary antibody (Invitrogen) and DAPI (Invitrogen, diluted 1:600) for 1 hour in dark 

conditions at room temperature. Lastly, slides were mounted using SlowFadeTM Gold antifade 

reagent (S36936, Invitrogen). Images were acquired with Axioscan 7 (Zeiss) and quantitated 

using QuPath software. For the assessment of histological features, the slides were stained 

with Haematoxylin and Eosin. 

 

4.4 Protein extraction and quantification 

Whole-cell protein extracts were obtained by adding in a 10 cm tissue culture dish cell lysis 

buffer containing 20 mM Tris-HCl pH 7.5, 250 mM NaCl, 1 mM EDTA, 1mM EGTA, 1% Triton X-

100, 1mM DTT with the addition of protease (25 µL/mL, Sigma-Aldrich) and phosphatase 

inhibitors (10 µL/mL, Active Motif). After 5 minutes of incubation on ice, samples were scraped 

and sonicated (4 cycles of 5 seconds every 20 seconds). Then, samples were centrifuged at 

16000 g for 10 minutes at 4°C. The supernatant containing soluble proteins was collected in a 

clean, low protein binding micro-centrifuge tube and quantified. 

Protein concentration was determined using Bradford Protein Assay based on an absorbance 

shift of the dye Coomassie Brilliant Blue G-250. In an acidic environment, the red form of the 

dye is converted into its blue form, binding to the protein being assayed. The protein-dye 

complex causes a spectral shift in the absorption maximum of the dye from 465 to 595 nm. 

The increase of absorbance at 595 nm is proportional to the amount of bound dye, and thus 

to the amount (concentration) of protein present in the sample. Bovine serum albumin (BSA) 

was used to calibrate the assay by preparing six serial dilutions of protein diluted with PBS1X 

to final concentrations of 0, 1, 2, 4, 6, 8 µg/µl. The unknown sample was prepared by adding 

2 µl of sample in the final volume of 498 µl of PBS1X. For each test tube 500 µl of Bradford 
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Reagent (Sigma-Aldrich) was added. Absorbance readings were measured at 595 nm using a 

spectrophotometer and a standard curve was plotted and used to provide a relative 

measurement of protein concentration of each sample. 

 

4.5 Immunoprecipitation 

NOKE6/E7 cells were plated in 10 cm tissue culture dish and 16 h before collecting cells 

medium was changed to boost cell growth. 300 ug of whole-cell protein extracts were 

incubated with the antibody for 1 hour at room temperature on a rotating mixer. The following 

antibodies were used: anti-SIRT1 (ab32441, Abcam), anti-MCM7 (ab96849, Abcam), anti-

MCM4 (PA5-29039, Thermo Fisher Scientific), and control IgG (Diagenode). Next, 

immunocomplexes were incubated for 3 h with beads (Pierce Protein G agarose) that were 

previously washed in PBS and once in lysis buffer by centrifugation at 2000 rpm for 5 minutes 

at 4°C. Subsequently, immunocomplexes were washed, eluted in Laemmli Sample Buffer 

containing 1% bromophenol blue and 1% β-mercaptoethanol, heated at 95 °C for 5 minutes, 

and loaded on ReadyGels (7.5%, Bio-Rad) for immunoblotting. 

 

4.6 Immunoblotting 

Whole-cell protein extracts and immunocomplexes were separated by their molecular weight 

under denaturing conditions using ReadyGels. Samples, together with a molecular weight 

ladder, were loaded into appropriate wells, and the gel was run at 300V. Proteins were 

transferred from the SDS-polyacrylamide gel to nitrocellulose membrane by using Trans-Blot 

Turbo Blotting System according to manufacturer’s instructions (Bio-Rad). To confirm the 

transfer, membranes were stained with Ponceau stain. To visualize the proteins, membranes 

were briefly washed with water and then three times by using TBS-T 1X (10mM Tris-HCl, pH 

7.5, 100mM NaCl, 0.1% Tween-20). To minimize any unspecific interaction of the antibody with 

the membrane, it was blocked in 10% non-fat dry milk dissolved in TBS-T 1X for 1 hour. Next, 

membranes were incubated with primary antibodies overnight at 4°C on a rocker. The 

following antibodies were used: mouse monoclonal antibodies (MAb) anti-SIRT1 (ab110304, 

Abcam, diluted 1:1000) and anti-MCM7 (MA5-14291, Thermo Fisher Scientific, diluted 1:200), 

and rabbit polyclonal anti-MCM4 (PA5-29039, Thermo Fisher Scientific, diluted 1:800). 

Thereafter, membranes were washed 3 times in TBS-T 1X to eliminate unbound antibody 

residues and incubated with sheep anti-mouse secondary antibody (NA931, GE Healthcare) or 
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TidyBlot Western Blot Detection Reagent (STAR209PA, Bio-Rad) conjugated to horseradish 

peroxidase (HRP). Secondary antibodies are diluted in TBS-T 1X. Protein bands were visualized 

by enhanced chemiluminescence (34580, Super Signal West Pico, Thermo Fisher Scientific) 

using the instrument ChemiDoc Touch Imaging System (Bio-Rad). 

 

4.7 Proximity Ligation Assay (PLA) 

Protein-protein interactions were detected with Duolink in situ PLA (Sigma Aldrich) 

according to manufacturer's instruction. Briefly, NOK and NOKE6/E7 cells were seeded on glass 

coverslips in 24-well plate. Medium was changed to boost cell growth 24 hours post seeding 

and after 16 hours cells were fixed with 4% paraformaldehyde (PFA) for 10 minutes, 

permeabilized with 0.2% Triton-X100 in PBS for 20 minutes on ice and blocked with Duolink 

Blocking Solution for 1 hour at 37°C. Primary antibodies were diluted in Duolink Antibody 

Diluent before being applied to coverslips and incubated overnight at 4°C in a humidified 

chamber. The following antibody pairs were used: mouse anti-SIRT1 (ab110304, Abcam, 

diluted 1:200) and rabbit anti-MCM7 (ab96849, Abcam, diluted 1:200); mouse anti-SIRT1 and 

rabbit anti-MCM4 (PA5-29039, Thermo Fisher Scientific, diluted 1:200); mouse anti-MCM7 

(MA5-14291, Thermo Fisher Scientific, diluted 1:200) and rabbit anti-MCM4. Next, coverslips 

were washed with Wash buffer A 1x and incubated with the anti-rabbit PLUS and anti-mouse 

MINUS PLA probes diluted 1:5 in Duolink Antibody Diluent for 1 hour at 37°C. Then, coverslips 

were incubated with a ligation solution (Ligase diluted 1:40 in Duolink Ligation buffer) for 30 

minutes at 37°C and next, with an amplification solution (Polymerase diluted 1:80 in 

Amplification buffer) for 100 minutes at 37°C. Lastly, after two washes in Wash buffer B 1x and 

one in Wash buffer B 0.01%, nuclei were stained with DAPI (diluted 1:600 in PBS) for 30 

minutes at room temperature. Coverslips were mounted using SlowFadeTM Gold antifade 

reagent (S36936, Invitrogen). Images were acquired with confocal microscope and quantified 

using QuPath software. 

 

4.8 Statistical analysis 

All statistical tests were performed using Graph-Pad Prism version 8 for Windows (GraphPad 

Software). The data are presented as mean ± standard deviation (SD). For comparisons 

consisting of two groups, means were compared using two tailed Student’s t tests. Differences 

were considered statistically significant at a P value of < 0.05. 
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5.1 The antiproliferative activity of EX527 is retained in NOKE6/E7 organotypic raft cultures 

Recently, the group I joined for my internship has demonstrated for the first time the role of 

SIRT1 in the development and maintenance of HPV-associated tumors. Specifically, they found 

that SIRT1 pharmacological inhibition, using EX527, or genetic silencing of SIRT1 in HPV+ cell 

lines leads to the reactivation of a transcriptionally active K382-acetylated p53, leading to cell 

cycle arrest at G0/G1 phase and reduction of cell survival and clonogenicity compared to HPV- 

cells, in particular in NOKE6/E7 cells (Lo Cigno et al., 2023). As previously described, these cells 

are normal oral keratinocytes transduced with a lentiviral vector which ensures equal 

expression of HPV16 E6 and E7 oncoproteins, thanks to a mRNA self-cleaving sequence (P2A) 

inserted between E7 and E6 sequences (Yang et al., 2019) (Figure 9A).  

Based on these findings, the first aim of this thesis was to better understand the role of SIRT1 

in HPV-induced carcinogenesis in a more physiological system like NOKE6/E7 organotypic raft 

cultures. This in vitro three-dimensional system recapitulates the structure of the stratified 

squamous epithelia and was generated and treated as detailed in the materials and methods 

section and represented in Figure 9B. Firstly, these cultures were stained with haematoxylin 

and eosin (H&E) in order to evaluate the histological features and we observed a significant 

reduction in the number of suprabasal layers in EX527-treated cultures when compared to 

vehicle-treated cultures (Figure 9C). Intriguingly, the capability of NOKE6/E7 cells to invade 

into the underneath dermal equivalent matrix that was well evident in the vehicle-treated rafts 

was almost abolished upon EX527 treatment and the irregular masses of epidermal cells that 

proliferated down in the dermal matrix were largely lost upon treatment (Figure 9C). Next, in 

order to confirm the antiproliferative effect of EX527 on raft cultures we performed an 

immunofluorescence staining for the proliferation marker MCM7 and Edu. Indeed, MCM7 is 

involved in the DNA replication (Neves & Kwok, 2017) and it has been found upregulated in 

different types of cancerous lesions (Neves & Kwok, 2017; Toyokawa et al., 2011). In the 

context of HPV, MCM7 overexpression strongly correlates with HPV-induced precancerous 

lesion progression (from LSIL to HSIL) and for this reason it is widely recognised as a 

proliferation marker for HPV-associated malignancies (Brake et al., 2003; M. Das et al., 2013). 

Instead, EdU is a thymidine analogue incorporated by proliferating cells into the newly 

synthesised DNA, which is detectable after tissue processing via click-chemistry reaction and 

fluorophore binding. Hence, this combined staining allows to determine how many cells are 

proliferating (MCM7 positive) and replicating their genome (EdU positive) at the same time. 



 32 

As shown in Figures 9D, the number of EdU and MCM7 positive cells was reduced by around 

10% and 15%, respectively, in EX527-treated raft cultures in comparison with their counterpart 

(p<0.001). Interestingly, some EdU negative cells remained MCM7 positive, and this is probably 

due to SIRT1 inhibition-induced mitotic stress. 

Altogether, these results demonstrate that SIRT1 inhibition has an antiproliferative activity also 

in a more physiological three-dimensional system. 
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Figure 9. EX527 treatment reduces cell proliferation in NOKE6/E7 organotypic raft cultures. (A) Schematic 

representation of the lentiviral vector used to stably express E6 and E7 in immortalized normal oral 

keratinocytes (NOKs). (B) Schematic representation of the organotypic raft cultures experimental timeline. 

Briefly, Type I Collagen and HFF cells were plated in transwell inserts loaded in deep well plate 4 days before 

(day -4) plating NOKE6/E7 cells (day 0). Starting from day 12 every two days organotypic raft cultures were 

treated with EX527 or vehicle until harvesting (day 16). 24 hours before collecting, cells were incubated with 

EdU. (C) Representative images of H&E staining on NOKE6/E7 organotypic raft cultures treated with EX527 

or vehicle. (D) Representative images of MCM7 (red) and EdU (green) immunofluorescence staining on 

organotypic raft cultures treated with EX527 or vehicle. The percentage of cells positive for MCM7 or EdU 

were quantified and plotted. Errors bars indicate SD. *** p < 0.001, unpaired T-test. 

 

5.2 SIRT1 inhibition impacts on tumor burden in the allogeneic HPV16-induced mouse cancer 

model 

The results described so far support the hypothesis that SIRT1 upregulation is a key mechanism 

of HPV-driven oncogenesis and that its inhibition affects HPV-transformed cell proliferation. 

Thus, to assess the therapeutic potential of SIRT1 inhibition, we moved in an in vivo model 

using a HPV16-induced xenograft mouse cancer model. To this end, 4-6 weeks old NOD SCID 

-null (NSG) mice were subcutaneously inoculated in the back with 106 NOKE6/E7 cells in a 1:1 

volume ratio with Matrigel (Corning, 200 µL/mouse).  After 10 days, when tumors become 

palpable and reach about 20 mm3 in volume, intraperitoneal injections of vehicle or EX527 

were performed every other day for a total of 6 doses. After 48h from the last administration, 

tumors were harvested and processed for subsequent histologic analyses (Figure 10A). 

The tumor formation in the two groups of mice was assessed by measuring every other day 

the tumor volume and, when the animals were sacrificed, the tumor weight. As already 

reported in the syngeneic HPV16-driven mouse cancer model used by Lo Cigno and colleagues 

(Lo Cigno et al., 2023), SIRT1 inhibition underlies a tumor growth impairment in terms of tumor 

size and weight, when compared to vehicle-treated ones (Figures 10B, 10C). Next, to evaluate 

the histology of tumors, an H&E staining on FFPE sections was performed. Interestingly, we 

found that NOKE6/E7-derived tumors exhibited the same phenotypic characteristics of HPV-

driven squamous cell carcinomas (SCC), showing high nuclear-to-cytoplasmic ratio, frequent 

mitosis, koilocytosis (HPV-mediated cytopathic effect), and the characteristic invasive growth 

pattern of HPV-associated SCC (Figure 10D). Furthermore, we observed that vehicle-treated 

samples showed a great number of mitotic cells and keratin pearls (Figure 10D, upper panel), 

indicating that cells were in a proliferative status. However, among the mitotic ones, some cells 
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(red circles – Figure 10D upper panel) present atypical mitosis with misaligned chromosomes 

at the metaphasic layer. Conversely, in EX527-treated tumors there is a dramatic reduction of 

mitotic cells, accompanied by an increase in apoptotic cells (yellow circles – Figure 10D, lower 

panel). In addition, the presence of multinucleated cells (red circles – Figure 10D lower panel) 

suggested that SIRT1 inhibition can result also in mitotic stress since cells replicate their 

genome but lose the ability to complete cytokinesis.  

Subsequently, to determine whether the responsiveness of NOKE6/E7 to EX527 treatment in 

vivo also involved p53 restoration, tissue sections were stained for p53 expression by 

immunohistochemistry. A significantly increased number of p53-positive cells was found in 

mice treated with EX527 than those treated with vehicle (30% in control mice vs 60% in EX527 

group) (Figure 10E). Lastly, to confirm the different mitotic phenotype observed in H&E-stained 

sections, we assessed the proliferation marker Ki67 by immunohistochemistry. Consistently 

with p53 restoration and the antiproliferative activity of EX527, the number of Ki67 positive 

cells was moderately reduced, but statistically significant, in samples from EX527-treated mice 

when compared to vehicle-treated ones (from 86% in vehicle-treatment group to 75% in 

EX527-treated mice) (Figure 10F.).  

Altogether, these results clearly demonstrate that EX527 treatment leads to a significant 

reduction of the tumor burden in vivo in a xenograft NOKE6/E7-based mouse cancer model. 
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Figure 10. EX527 treatment reduces tumor burden in an allogeneic mouse model of HPV16-induced 

cancer. (A) Schematic illustration of the tumor model in which NOKE6/E7 cells were subcutaneously 

inoculated into the back of NSG mice. EX527 or vehicle treatments were administered intraperitoneally 
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every other day since day 10 after cell engraftment as depicted on the timeline. At day 24, mice were 

sacrificed, tumor collected and processed for paraffin embedding, and 5 µm-thickness section cutting for 

histologic analysis. (B) Tumor volume from mice treated as indicated in panel A was measured and plotted 

as mean volume of the tumors for each treatment. Error bars indicate SD. * p < 0.05, unpaired T-test.  (C) 

Tumor weight from mice treated as indicated in panel A was determined at the end of the experiment. Each 

dot represents a data from a single mouse. Error bars indicate SD. (D) Representative images of H&E staining 

on tumors from mice treated with EX527 or vehicle. In tumors treated with vehicle (upper panel) red circles 

highlights atypic mitotic cells with misaligned chromosomes. In tumors treated with EX527 (lower panel) 

red and yellow circles indicate binucleated and apoptotic cells, respectively. (E) Representative images of 

p53 staining by immunohistochemistry on tumors from mice treated with EX527 or vehicle. Positive cells 

were quantified and plotted as percentage of positive cells per mm2. Error bars indicate SD. * p < 0.05, 

unpaired T-test. (F) Representative images of Ki67 staining by immunohistochemistry on tumors treated 

with EX527 or vehicle. Positive cells were quantified and plotted as positive cells per mm2. Error bars indicate 

SD. * p < 0.05, unpaired T-test. 

 

5.3 Characterization of the SIRT1 molecular platform in HPV-transformed cells 

To gain more insight into the mechanisms underlying SIRT1 action in the context of HPV-driven 

cancer, we have employed a proteomic approach to identify SIRT1 interacting partners in 

NOKE6/E7 cells in collaboration with Dr. Tiziana Bonaldi’s group (Laboratory of Quantitative 

Proteomics and Gene Expression Regulation, IEO, Milan). This consisted in investigating the 

SIRT1 interactome under native conditions by mass-spectrometry (MS) analysis of SIRT1 co-

immunoprecipitations (coIP) using the NOKE6/E7 cellular extracts as input. Label-free 

quantification from three coIP replicates revealed 793 proteins significantly co-enriched with 

SIRT1. The specificity of these interactions was confirmed by conducting coIPs in the presence 

of an excess of a soluble peptide competing with the bait for antibody binding, followed by 

assessing the selective removal of the bait and its interactors. Cross-referencing these two 

interatomic datasets has led to the identification of 182 high confidence interacting proteins 

(HCIPs) specifically associated with SIRT1. Gene ontology (GO) and STRING analysis of these 

182 SIRT1 HCIPs showed that the preys localized in a panel of protein functions, including DNA 

repair, nuclear DNA replication, cell cycle, nucleocytoplasmic transport, cytoskeleton 

organization, Golgi vesicle transport, and viral gene expression (Figures 11A, 11B). Among 

these, we decided to focus our attention on the proteins of the network involved in DNA repair 

and nuclear DNA replication, including MCM7 and MCM4, belonging to the mini-chromosome 

maintenance (MCM) protein family. Remarkably, some members of this network, including 
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SMC3, RAD50, MCM7, and MCM4, had been previously reported as SIRT1 interactors (A. C. H. 

Chen et al., 2020; Y. Chen et al., 2012; Thakur et al., 2022; R.-H. Wang et al., 2014) (Figure 11C).  

For these reasons, we hypothesized the existence of a DNA-binding platform consisting of 

SIRT1 and the MCM complex at the replication origin to prevent excess replication and 

preserve genomic stability (Figure 11D). To verify this hypothesis, we performed a series of 

standard biochemical assays to validate the results obtained in the interactome analysis. 

Firstly, we immunoprecipitated SIRT1 in NOKE6/E7 and observed that when endogenous SIRT1 

was pulled down, MCM7 and MCM4 were also detected (Figure 11E, left panel). At the same 

time, upon immunoprecipitation of endogenous MCM7 or MCM4 but not of control IgG, a low 

intensity band of SIRT1 was detected as well (Figure 11E, right panel). In addition, we 

performed a Proximity Ligation Assay (PLA) to confirm protein interactions (Figure 11F). As 

shown in figure 11F, we found that SIRT1 interacts with both MCM7 and MCM4 and we 

observed a higher percentage of PLA positive cells in NOKE6/E7 cells versus its HPV negative 

counterpart NOK cells (Figure 11F, left and middle panels). In addition, we performed a PLA for 

MCM7 and MCM4 confirming their interaction being part of the same complex and we found 

that this complex is expressed with a higher intensity in NOKE6/E7 cells versus NOK cells 

(Figure 11F, right panel). 

Overall, these results confirm that SIRT1 interacts with MCM7 and MCM4 indicating the 

possible existence of the SIRT1-MCM complex platform. 
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Figure 11. Characterization of the SIRT1 molecular platform in HPV-transformed cells. (A) Experimental 

workflow of a mass spectrometry analysis on NOKE6/E7 total cellular extract immunoprecipitated with anti-

SIRT1 antibody. (B) Functional and physical interaction analysis of the SIRT1 interactome using the STRING 

interaction database. The STRING networks were visualized using Cytoscape and a gene ontology (GO) 

analysis was performed. (C) Highlight of the STRING network involved in DNA repair, DNA replication, and 

cell cycle. (D) Schematic illustration of the SIRT1-MCM4-MCM7 molecular platform bound to the DNA 

replication origin. (E) Total cell extracts from NOKE6/E7 cells were immunoprecipitated using anti-SIRT1, 

anti-MCM7, anti-MCM4, and anti-IgG antibodies as control and immunoblotted with the indicated 

antibodies. The image displayed is representative of 3 biological replicates. (F) Representative images of 

proximity ligation assay performed between SIRT1 and MCM7 (left panels), SIRT1 and MCM4 (middle 

panels), and MCM7 and MCM4 (right panels) on NOK and NOKE6/E7 cells. The percentage of PLA positive 

cells and PLA signal intensity was quantitated using QuPath software. Errors bars indicate SD. * p < 0.05, 

**p<0.01, *** p < 0.001, unpaired T-test. 
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Papillomaviruses are small, non-enveloped, epitheliotropic, double-stranded DNA virus that 

infect cutaneous and mucosal epithelia in a wide variety of vertebrates in a species-specific 

manner inducing cellular proliferation. Human papillomaviruses (HPVs) are organized into five 

genera (alpha, beta, gamma, mu, and nu) and are divided into either “cutaneous” or 

“mucosal”. Based on their transforming ability, mucosal HPVs are also classified as “high-risk” 

and “low-risk” (Doorbar et al., 2015; Egawa et al., 2015; Nelson & Mirabello, 2023). High-risk 

HPVs (hrHPVs), among which HPV16 and HPV18 are the most frequent, are associated with 

cervical and other anogenital cancers and with head and neck cancers, primarily OPSCCs. 

While virtually all cervical cancers are HPV-driven, the fraction of OPSCCs likely arising from 

HPV infection has been estimated to be around 20% and is associated with a more favourable 

prognosis than that of HPV-negative OPSCC (Caudell et al., 2022; Ghiani & Chiocca, 2022; 

Lechner et al., 2022). The treatment for these HPV-associated cancers currently involves 

radiotherapy, chemotherapy, or surgery, all with devastating effects on the targeted 

anatomical sites, so there is an urgent clinical need for alternative approaches that may allow 

de-escalating current drug therapies to improve patient outcomes while reducing treatment-

related acute and long-term toxicities. 

In this context, SIRT1 is the principal NAD+ dependent deacetylase in mammalian cells 

involved in a broad range of biological activities. In particular, SIRT1 catalyses the deacetylation 

of its substrates, which include histone and non-histone proteins, such as p53 (Roth & Chen, 

2014). SIRT1-dependent p53 deacetylation on Lys382 residue decreases p53-mediated 

transcriptional activity, inhibiting cell cycle arrest and promoting cell survival and proliferation 

(T. F. Liu & McCall, 2013; Luo et al., 2001; Roth & Chen, 2014). In addition, SIRT1 has already 

been reported to be strongly upregulated in HPV-positive cells and cervical intraepithelial 

neoplasia (CIN) in an E7-dependent fashion (Velez-Perez et al., 2017). For these reasons, the 

group I joined for my internship has recently demonstrated the role of SIRT1 in HPV-associated 

cancers. Specifically, they demonstrated that SIRT1 pharmacological inhibition, using EX527, 

restores a functional K382-acetylated p53 leading to cell cycle arrest at G0/G1 phase and 

reduction of cell survival and clonogenicity compared to HPV-negative cells, and in particular 

in NOKE6/E7 cells (Lo Cigno et al., 2023). According to these results, we decided to use more 

physiological systems to better understand the role of SIRT1 in HPV-induced carcinogenesis 

and confirm the antiproliferative effect of EX527 observed in vitro. In this regard, we generated 

a three-dimensional system that recapitulates the structure of the stratified squamous 
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epithelia, namely NOKE6/E7 organotypic raft cultures, and we observed that EX527 treatment 

leads to a reduced NOKE6/E7 cell proliferation and invasion capability, as confirmed by the 

significant reduction of the proliferation marker MCM7 and a lower EdU incorporation (Figures 

9C, 9D). In HPV-driven oncogenesis, MCM7 is commonly used as a potential proliferation 

marker since its upregulation has been steadily observed in both in vitro and in vivo setting, 

including human cancers, and it is considered an informative biomarker of E6/E7 deregulation. 

Remarkably, similar results were observed in a NOKE6/E7-based allogeneic HPV16-induced 

mouse cancer model. In particular, we observed a significant reduction in tumor volume and 

weight, p53 restoration, and a reduction of the proliferation marker Ki67 in mice treated with 

EX527 when compared to vehicle-treated mice (Figures 10). These findings confirm the 

antiproliferative effect of the SIRT1 inhibitor supporting the hypothesis that SIRT1 upregulation 

is a key mechanism of HPV-driven oncogenesis and that it could be considered as important 

therapeutic target. Hence, to gain more insight into the molecular mechanism underlying 

SIRT1 action in the context of HPV-driven cancer, we evaluated the SIRT1 interactome in 

NOKE6/E7 cells through a mass spectrometry analysis in collaboration with Dr. Bonaldi’s group. 

We identified a panel of interacting proteins involved in a variety of cellular processes, such as 

DNA repair and DNA replication, including MCM7 and MCM4, belonging to the mini-

chromosome maintenance (MCM) protein family, SMC3, and Rad50 (Figures 11B, 11C). Given 

that these interactions have already been reported in the literature (A. C. H. Chen et al., 2020; 

Y. Chen et al., 2012; Thakur et al., 2022; R.-H. Wang et al., 2014), we decided to focus our 

attention on this STRING network and we started to validate SIRT1 interaction with MCM7 and 

MCM4 using a co-immunoprecipitation assay and a Proximity Ligation Assay (PLA) in NOKE6/E7 

cells. In addition, we observed that the percentage of PLA-positive cells in NOKE6/E7 cells was 

higher compared to that observed in its counterpart HPV-negative NOK cells (Figure 11E, 11F). 

Based on these findings and considering that MCM7 is a replication factor that binds to DNA 

double strand at replication origins in the late G1 phase, forms the pre-RC complex during cell 

cycle progression, and alleviates endogenous DNA replication stress, we hypothesized the 

existence of a chromatin-binding platform consisting of SIRT1 and the MCM complex at the 

replication origin to prevent excess replication and preserve genomic stability (Figure 11D). 

Therefore, further studies are necessary to better characterize this platform and to evaluate 

how the interaction among these proteins is modulated. 
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