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Abstract

:

It has been previously proposed that some types of cancer cells reprogram their metabolic pathways, favoring the metabolism of glucose by aerobic glycolysis (Warburg effect) instead of oxidative phosphorylation, mainly because the mitochondria of these cells are damaged, thus displaying mitochondrial dysfunction. However, in several cancers, the mitochondria do not exhibit any dysfunction and are also necessary for the tumor’s growth and maintenance. Remarkably, if the mitochondria are dysfunctional, specific processes associated with the release of cytochrome c (cyt c), such as apoptosis, are significantly impaired. In these cases, cellular biotherapies such as mitochondrial transplantation could restore the intrinsic apoptotic processes necessary for the elimination of cancers. On the other hand, if the mitochondria are in good shape, drugs that target the mitochondria are a valid option for treating the related cancers. Famously, the mitochondria are targeted by the human papillomavirus (HPV), and HPV-related cancers depend on the host’s mitochondria for their development and progression. On the other hand, the mitochondria are also important during treatment, such as chemotherapy, since they are key organelles for the increase in reactive oxygen species (ROS), which significantly increases cell death due to the presence of oxidative stress (OS). In this way, the mitochondria in HPV infection and in the development of HPV-related cancer could be targeted to reduce or eliminate HPV infections or HPV-related cancers. To our knowledge, there was no previous review specifically focusing on this topic, so this work aimed to summarize for the first time the potential use of mitochondria-targeting drugs, providing molecular insights on the main therapeutics developed so far in HPV infection and HPV-related cancer. Thus, we reviewed the mechanisms associated with HPV-related cancers, with their early proteins and mitochondrial apoptosis specifically induced by different compounds or drugs, in which these molecules induce the production of ROS, the activation of proapoptotic proteins, the deactivation of antiapoptotic proteins, the loss of mitochondrial membrane potential (Δψm), cyt c release, and the activation of caspases, which are all events which lead to the activation of mitochondrial apoptosis pathways. This makes these compounds and drugs potential anticancer therapeutics that target the mitochondria and could be exploited in future biomedical strategies.
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1. Introduction


According to the World Health Organization (WHO), cervical cancer is the fourth leading cause of cancer death in women worldwide [1]. It has been established that persistent infection with high-risk human papillomavirus (HR-HPV) constitutes a key risk factor for the development of cervical cancer [2]. HR-HPV is also related to the induction of mucosal squamous epithelial malignancies of the penis, vulva, vagina, and oropharynx [3]. Although there are more than 200 types of HPVs, only HR-HPVs are able to induce cancer. The rest of the HPVs are low-risk HPV (LR-HPV), which are associated with skin warts and papillomatosis [4]. Among the HR-HPVs, viral types HR-HPV-16 and -18 are the most persistent [5]. These viruses are not enveloped viruses, with a capsid of approximately 55 nm [6]. The HPV capsid consists of the structural proteins L1 and L2 that house the viral genome [7], which is formed by a double-stranded circular deoxyribonucleic acid (DNA) of around 8,000 base pairs (bp) [8]. For study purposes, the HPV genome has been divided into three regions: (1) the early region (E: early) that encodes the genes involved in the replication of the viral genome and its maintenance (E1–E8); (2) the late region (L: late) that encodes the genes involved in the structural proteins of the capsid, namely L1 and L2; and (3) the long control region (LCR) that contains regulatory sites for transcription and replication of the HPV genome [9]. In cervical cancer, HPV’s life cycle begins when HPV infects the cells of the basal layer of the squamous epithelium of the cervix. HPV typically reaches these cells through wounds present in the epithelial layer, allowing the HPV L1 protein (Figure 1) to bind to the heparan sulfate proteoglycan receptors, which initiates the infection. It should be noted that the L1 of HR-HPV Type 16 forms a pentamer that is able to interact with the heparin oligosaccharides through the basic Lys-54, Lys-59, Lys-278, Lys-356, and Lys-361 and the polar residues Asn-57, Gln-194, and Thr-358 [10].



This interaction induces conformational changes in the viral capsid, allowing the L2 protein to interact with the host cell’s membrane [11,12]. Next, L2 promotes the internalization of HPV into the host cell. After internalization, HPV is transported through an early and a late endosome, where the capsid is disassembled during its transport to the Golgi network. Subsequently, the HPV genome enters the nucleus of the infected cell, where transcription and replication of HPV take place [8]. Both processes require basal epithelial cell differentiation because undifferentiated basal epithelial cells do not express key cellular transcription factors (TFs) such as specificity protein 1 (SP1) and transcription factor IID (TFIID), which are required to induce the expression of the early protein of HPV [13]. Thus, in the basal layer of the squamous epithelium, the viral transcription of E1, E2, E5, E6, and E7 and genome amplification are maintained at low levels [12]. As the epithelium is differentiated, the TFs that induce amplification of the viral genome are expressed, inducing HPV E1, E2, E5, E6, and E7 to increase their expression. Thus, in the middle layer, the E1 and E2 proteins of HPV augment their expression, increasing the replication of the HPV genome in high quantities. In turn, the E6 and E7 oncoproteins of HPV can interact with human telomerase reverse transcriptase (hTERT), p53, and retinoblastoma tumor suppressor (pRB), inducing cell immortalization, preventing cell death, and arresting the cell cycle [14,15]. E5 has been shown to disrupt the activation of the immune system, preventing the elimination of HR-HPV-infected cells [16]. In the upper layer, HPV E4 induces the disruption pf cell keratin, allowing the release of HPV virions after the L1 and L2 proteins house the HPV genome [8]. It should be noted that HPV virions are released until the epithelium is shed, since HPVs are nonlytic viruses [8]. HPV’s viral life cycle is completed over long periods of time during HPV infection without progressing to cancer; however, HR-HPV infections may progress to invasive cancers. A feature of these viruses that induces the progression to cancer is the integration of the viral genome of HR-HPV into the host cell’s genome. During this process, the expression of the E2 protein is lost, and since this is the negative regulator of the E6 and E7 oncoproteins, an overexpression of E6 and E7 occurs, causing genomic instability and cellular malignancy induced by the overexpression of these two oncoproteins [8]. It has been proposed that HPV-related cancers reprogram their metabolic pathways, favoring aerobic glycolysis (Warburg effect) [17]. However, the mitochondria are also necessary for the growth and maintenance of tumors. Thus, in HPV-related cancers, HR-HPV proteins interact with the mitochondria, modifying their function and influencing the lifecycle of HR-HPV and cell transformation [18]. Interestingly, LR-HPVs also influence the mitochondria. For example, Sun et al. [19] demonstrated that LR-HPV-6 E6 stabilizes p53 in the cytosol. This induces p53 to interact with the pro-apoptotic mitochondrial protein Bak, which undergoes a conformational change and oligomerization, allowing the release of pro-apoptotic factors and inducing mitochondrial apoptosis. Therefore, unlike the HR-HPV E6 protein, which can induce the degradation of p53 [20], LR-HPV E6 manages to stabilize this oncoprotein by inducing apoptosis in response to a stress stimulus such as exposure to UVB light [21]. This large difference between HR-HPV and LR-HPV is clearly associated with the induction of malignancy by HR-HPV E6 and the low potency of malignancy by LR-HPV, where, in cancer, HR-HPV E6 induces the degradation of p53, decreasing apoptosis even in response to any stress stimulus. The mitochondria are also important during cancer treatments, such as chemotherapy, since they are key organelles for the increase in reactive oxygen species (ROS), which significantly increase cell death due to the presence of oxidative stress (OS). In this way, HPV-related cancer proteins and the mitochondria in HPV infection and in the development of HPV-related cancer could be targeted to reduce or eliminate HPV infections or HPV-related cancers through mitochondrial apoptosis. Here, we focus on the potential of mitochondria-targeting therapies and provide molecular insights on the main cures developed so far using this approach in HPV infections and HPV-related cancer.




2. Mitochondria, Oxidative Stress (OS), Apoptosis, and the Development of HPV-Related Cancer


The mitochondria play a fundamental role in the development of cancer, since they regulate metabolism, growth, survival, and cell apoptosis. In fact, the mitochondria coordinate processes such as oxidative phosphorylation (OXPHOS), the tricarboxylic acid cycle (TCA), the electron transport system (ETS), fatty acid oxidation (FAO), and the synthesis of aminoacids, lipids, and nucleotides [22]. Remarkably, during OXPHOS, electrons can leak, inducing the reduction of O2 to superoxide anion (O2•−), a ROS which triggers the production of other ROS species, such as hydrogen peroxide (H2O2) or the hydroxyl radical (•OH) [23]. Remarkably, ROS can diffuse into the cytosol and nucleus, damaging cytosolic and nuclear organelles, and ROS produced in the cytosol can even affect the mitochondria in a feedback loop between the cell organelles. Because of this, ROS must be removed, but not completely, by an antioxidant system that includes antioxidant enzymes such as superoxidase dismutase (SOD), glutathione peroxidase (GPx), or catalase (CAT), and non-enzymatic antioxidants such as glutathione (GSH) and vitamins [24,25]. The induction and activation of antioxidant enzymes and the enzymes associated with the production of GSH are induced by different transcriptional factors, such as nuclear factor erythroid 2-related factor 2 (Nrf2), which, in turn, are activated by the increase in ROS levels to reduce them, which allows redox homeostasis to be achieved [26,27,28]. Redox homeostasis is necessary because ROS species are used as secondary messengers, activating several signaling pathways [29]; however, at high concentrations, ROS can induce OS and oxidative cellular damage, such as damage to the DNA, which is closely related to mutagenesis and the development of cancer [30,31,32,33,34]. Oxidative DNA damage triggers the protein kinases ataxia-telangiectasia mutated/RAD3-related (ATM/ATR), leading the DNA repair machinery to activate the DNA damage response (DDR) signaling pathway [35]. The DDR signaling pathway activates the tumor suppressor p53, arresting the growth and the cell cycle, which permits the repair of DNA damage [36,37]. If the DNA is not repaired, p53 induces apoptosis, eliminating potentially cancerous cells [38]. However, in HR-HPV infections, E6 induces the degradation of p53 via the proteasome, which promotes the accumulation of DNA damage, prevents death by apoptosis, and thus increases the risk of cancer developing [20].



It should be noted that p53 induces apoptosis as a response to cellular stress, mitochondrial dysfunction, and stimuli such as DNA damage in a process known as mitochondrial apoptosis or intrinsic apoptosis, since key mitochondrial proteins are released from the mitochondria to the cytosol [39]. In other words, in mitochondrial apoptosis, p53 activates proapoptotic proteins, such as the BH3-only family proteins (Bad, Bim, and p53 upregulated modulator of apoptosis (PUMA), to cite only a few) and the Bcl-2 family proteins (Bcl-2 homologous antagonist/killer (Bak), Bcl-2-associated X protein (Bax), and Bok), as well as deactivates antiapoptotic proteins such as Bcl-2 and Bcl-XL. Proapoptotic proteins promote the release of cyt c, which starts mitochondrial apoptosis, binding to apoptotic protease activating factor-1 (Apaf1) to form the apoptosome [40]. The apoptosome activates caspase-9 [41,42], which, in turn, activates caspase-3 [43], promoting the disassembly of the cytoskeleton and the disintegration of the apoptotic bodies and even inducing the activation of endonuclease caspase-activated DNase (CAD). CAD, in turn, cuts chromosomal DNA, forming DNA fragments [44]. Apoptotic cells express phosphatidylserine on their surface in order to be recognized and phagocytized by non-inflammatory phagocytic cells [45]. As mentioned above, during HR-HPV infections and in HPV-related cancer, p53 is downregulated due to the overexpression of the E6 oncoprotein, causing intrinsic apoptosis to be absent, inducing a predisposition to the development of cancer [20]. In the next section, we describe the main relationships among HR-HPV proteins, mitochondria, OS, and apoptosis.




3. HR-HPV Proteins, Mitochondria, OS, and Apoptosis


Although the major function of the E2 protein of HPV is to allow the interaction of E1 with the HPV genome, E2 also suppresses cell growth and induces senescence caused, in part, by a repressed expression of E6 and E7, which induces the increase in p53 levels, and leads to cell cycle arrest [46]. Furthermore, it has been shown that the E2 of HR-HPV-18 interacts with different proteins from mitochondrial Complexes III and IV, and ATP synthase, which is related to the mitochondria’s loss of the cristae structure and the induction of the release of mitochondrial ROS (mROS) [47]. The E2 of HR-HPV-18 also increases ROS in whole C33A cells, resulting in a decrease in GSH levels and the induction of OS [48]. As mentioned above, ROS may act as a secondary messenger activating different key proteins in signaling pathways associated with cancer, one of which is the hypoxia-inducible factor 1α (HIF 1α). Lai et al. [47] showed that the release of mROS caused by the expression of HPV-18 E2 stabilizes HIF 1α, inducing the expression of its target genes for 3-phosphoinositide-dependent protein kinase 1 (PDK1), carbonic anhydrase IX (CAIX), and vascular endothelial growth factor (VEGF). Importantly, PDK1 inhibits the pyruvate dehydrogenase (PDH), the enzyme that promotes the conversion of pyruvate to acetyl-CoA, which is the main molecule that fuels the TCA in the production of nicotinamide adenine dinucleotide (NADH), which, in turn, is used as a reducing agent during OXPHOS [47]. Thus, the increase in PDK1 is associated with the reduction in OXPHOS, inducing an aerobic glycolysis profile. In aerobic glycolysis, the acidification of the cell increases, so the cells need to reduce this effect. A protein involved in this deacidification is CAIX, which is stimulated by HIF 1α, previously activated by E2 [47]. Thus, HPV-18 E2 prevents OXPHOS by associating with key mitochondrial proteins such as complex III and IV and ATP synthase, inducing the release of mROS, the stabilization of HIF-1α, PDK1, and the upregulation of CAIX, resulting in the induction of aerobic glycolysis [47]. Gao et al. [49] found that E2 from HR-HPV-16 also interacts with the mitochondria, inducing inflammation and the immune response to infection. This interaction also induces mitochondrial dysfunction, as well as the production of mROS, and leads to cell death via apoptosis. Overexpression of E2 induces the expression of the receptor gC1qR, which mediates growth arrest, morphological abnormalities, and apoptosis inside the mitochondria. Therefore, when the E2 of HR-HPV-16 induces the expression of gC1qR, mitochondrial dysfunction and apoptosis are induced. The increase in ROS generation and cytosolic Ca2+ levels, plus a decrease in mitochondrial membrane potential (Δψm), and the loss of the mitochondrial morphology characterize mitochondrial dysfunction (Figure 2) [50]. In line with the latter observation, it has been shown that E2 from HR-HPV-16 decreases the expression of hematopoietic cell-specific protein 1-related protein X-1 (HAX-1). This mitochondrial membrane protein induces cell growth, invasion, and metastasis in cervical cancer. Thus, when E2 is expressed, the levels of HAX-1 decrease, inducing an increase in the generation of ROS but also a decrease in ΔΨm, alongside the loss of the mitochondrial morphology, promoting mitochondrial apoptosis overall [51].



As shown above, the E4 protein from HR-HPV-16 binds to the cytokeratin network, provoking its collapse in order to induce the release of HR-HPV particles [52]. However, this early protein also binds to the mitochondria. This interaction induces the mitochondria to detach from the cytoskeleton microtubules, reducing the ΔΨm and promoting apoptosis [53]. Unfortunately, to the best of our knowledge, this is the only investigation conducted so far on the effect of E4 on the mitochondria, a theme that deserves further research because E4 is part of a key process during the lifecycle of HPV, namely the release of HPV virions.



As for the E6 of HR-HPV, it has been shown that E6 oncoproteins from HR-HPV-16 and -18 enhance mitochondrial metabolism in a head and neck squamous cell carcinoma (HNSCC) cell model, increasing cell respiration and the expression of mitochondrial complexes I–IV and ATP synthase. Interestingly, E6s do not promote the production of ATP but increase the leakage of mitochondrial respiration parameters, augmenting the production of ROS, which ultimately results in DNA damage [54]. The E6 genes of HR-HPV can also be processed through the cell splicing process, during which spliced products known as E6* are formed [55]. The isoform HR-HPV-16 E6* also induces mitochondrial dysfunction, the production of ROS, and OS in cervical cancer cells [56]. Although E6 promotes mitochondrial dysfunction, OS, and DNA damage, it does not induce apoptosis, primarily because E6 decreases p53 levels. This effect also was shown in primary epidermal keratinocytes exposed to ultraviolet B (UVB) radiation, where the expression of E6 from HR-HPV-18 avoided the release of cyt c and mitochondrial apoptosis [21]. However, the downregulation of E6 would restore p53 levels, inducing apoptosis. In this respect, the silencing of E6 from HR-HPV in CaSki cells led to an increase in p53 [57], which led to mitochondrial apoptosis induced by the release of cyt c [58]. Consistent with the latter finding, the blockage of E6 by siRNA in HeLa cells stimulated the transcription of the PUMA promoter. This led to the translocation of Bax to the outer mitochondrial membrane, opening the pores for releasing of cyt c, which activated caspase-3 to trigger apoptosis. Additionally, the inhibition of Bax reverted apoptosis, indicating that E6 requires the blockage of Bax to avoid apoptosis [59]. Thus, E6 prevents mitochondrial apoptosis, which could be induced by the downregulation of E6 by direct silencing of the E6 gene. Interestingly, different compounds such as luteolin, CAF24, GRIM-19, and quercetin may disrupt the interaction between E6 and E6AP (E6-associated protein), an interaction that permits the binding with p53 and, in consequence, its degradation via the proteasome is avoided, which stabilizes p53, promoting apoptosis in HPV-positive cell lines [60,61,62]. E6 is also sensitive to OS-derived ROS inducers such as H2O2. Hence, in human cervical cancer cells, H2O2 leads to apoptosis by inducing the phosphorylation of Bax via the extracellular signal-regulated kinase (ERK) pathway. It was shown that treating SiHa and CaSki cells with H2O2 induces the phosphorylation and activation of ERK and c-Jun N-terminal kinases (JNK), which are proteins involved in apoptosis [63]. The activation of both proteins promotes the phosphorylation of Bax, inducing its translocation to the outer mitochondrial membrane. Consequently, cyt c is released and apoptosis is induced. H2O2 also activates p73, a member of the p53 family, which inhibits the antiapoptotic protein Bcl-XL and stimulates apoptosis in SiHa and CaSki cells [63]. Thus, cervical cancer cell lines expressing E6 are more sensitive to the overproduction of ROS.



The E7 oncoprotein of HR-HPV binds to and degrades several cellular proteins, such as the pRB proteins, which contribute to cellular transformation [64]. Moreover, it has been shown that E7 protects against OS agents such as H2O2, which prevents the death of cancer cells [65]. Regarding the mitochondria, it has been shown in human keratinocytes expressing the E7 oncoprotein of HR-HPV-16 that histone deacetylase (HDAC) inhibitors induce mitochondrial apoptosis [66]. Furthermore, amentoflavone, an active phenolic compound isolated from Selaginella tamariscina, decreases the expression of E7 oncoprotein in SiHa and CaSki cervical cancer cells, inducing the release of cyt c and the activation of caspase-9 and -3 to trigger mitochondrial apoptosis [67]. Remarkably, E6 and E7 oncoproteins are expressed by bicistronic mRNA, and thus both oncoproteins are expressed simultaneously in HPV-related cancers. It has been shown that E6/E7 oncoproteins inhibited the expression of gC1qR, preventing mitochondrial dysfunction, the activation of caspase-3, and mitochondrial apoptosis [68]. However, anti-inflammatories such as buddlejasaponin IV (BS-IV) are able to induce apoptosis via the mitochondria-dependent pathway, blocking the progression of HPV-induced oral carcinogenesis caused by E6/E7 oncoproteins [69]. Lipids such as docosahexaenoic acid (DHA) also induces the degradation of E6/E7 oncoproteins through the activation of the cellular ubiquitin–proteasome system (UPS), inducing the production of mitochondrial ROS and mitochondrial apoptosis [70]. Therefore, the protection against mitochondrial apoptosis obtained by the expression of E6, E7, or E6/E7 is overcome by different compounds such as DHA, which induce a decrease in E6/E7, inducing apoptosis. This makes them good candidates as anticancer compounds in HPV-positive cancers.




4. HPV Proteins Sensitize Cancer Cell Death through Mitochondrial Apoptosis or Mitophagy


Although HPV proteins prevent cell death, it has been shown that some HPV proteins also induce apoptosis via a mitochondria-dependent pathway. For example, the E5 oncoprotein of HR-HPV-16 was shown to sensitize HaCaT cell lines treated with a hyperosmotic concentration of sorbitol, inducing the release of cyt c; the activation of caspase-3, -8, and -9; and cleavage of poly-(ADP-ribose) polymerase (PARP), demonstrating the activation of mitochondrial apoptosis [71]. As for the E6 oncoprotein of HR-HPV-16, it was shown that this oncoprotein sensitizes the cervical cancer cell lines CaSki, HeLa, and SiHa to atractyloside, an inducer of mitochondrial outer membrane permeabilization (MOMP), inducing cell death via apoptosis [72]. This sensibilization was also induced by other biomolecules, such as tumor necrosis factor (TNF), but in an ovarian and a colon cell model. In this model, E6 from HR-HPV-16 increases susceptibility to the mitochondrial apoptosis induced by TNF, which inhibits nuclear factor kappa light-chain-enhancer of activated B cells (NFκB), promoting the release of cyt c and the activation of apoptosis [73]. On the other hand, it has been reported that E7 is associated with pRB, inducing the release of E2F5. E2F5 binds and stabilizes dynamin-related protein 1 (Drp1), an upstream inducer of lethal mitophagy, promoting cell death and tumor suppression in HPV(+) HNSCC both in vitro (cell culture) and in vivo (xenotransplant in mice) [74]. Thus, the activation of Drp1 via the expression of the E7 oncoprotein induces lethal mitophagy, providing a potential opportunity for an anticancer strategy. This is related to the evidence that HNSCC HPV(+) cancers are closely related to the mitochondrial metabolism, and this feature could be associated with a better response to treatment, giving it an advantage over other HPV-related cancers, such as cervical cancer, which are more associated with the aerobic glycolysis metabolism [17,25,54]. Although several examples in the literature [25,54] have shown a tendency towards inducing the death of cancer cells by HPV proteins, more research is needed to investigate these effects since they could be dependent on the concentration of the HPV proteins or on the model used for the study. Therefore, in-depth examinations of these effects could reveal new mechanisms for the reduction or eradication of HPV-associated cancers.




5. Mitochondrial Therapy in HPV-Related Cancers


HPV-related cancers display several degrees of alteration in the mitochondrial metabolism; however, all are dependent on the metabolism of the mitochondria, both for completing their energy metabolism and for avoiding cell death [54,75,76,77]. Because of these roles, the mitochondria are an attractive target for HPV-related cancer therapy, even at early stages such as during HPV infection. For instance, Zhain et al. [78] have shown that alterations in the mitochondrial DNA (mtDNA) are present in the framework of HPV infection. This group reported that the C150T polymorphism present in the mtDNA D-loop was related to HPV infection in patients with cervical cancer. Thus, people that have this polymorphism are more prone to HPV infections. Finding this polymorphism in the population gives an advantage against possible HPV infections, since people can be alerted about their propensity to be infected by HPV and develop HPV-related cancers. However, apart from diagnostics, the mitochondria may also be a therapeutic target in cancer. It was shown that in models of cancer such as HeLa, the development of cancer cell is highly glucose-dependent, and the use of rotenone (Figure 3), a strong inhibitor of Complex I ETS, induces the production of ROS, arrests growth, and leads to mitochondrial apoptosis [79]. Moreover, the cycle of HeLa cells was arrested at the G0/G1 phase, which was accompanied by the release of cyt c and the second activator of caspase (Smac)/direct IAP binding protein with low pI (DIABLO) from the mitochondria to the cytosol, triggering the activation of procaspase-9 and -3 and the induction of cleaved PARP under treatment with triphenyl tin (TPT)-benzimidazolethiol [80].



The latter compound was used to achieve the downregulation of E6 from HPV, which restored the expression of p53, inducing mitochondrial apoptosis [80] (Table 1). The cyano-derivative of 11-keto-β-boswellic acid, butyl 2-cyano-3, 11-dioxours-1,12-dien-24-oate (BCDD), also reduced the expression of E6 in the nucleus of HPV-18 HeLa cells, which promoted the accumulation of active p53 cells, followed by the inhibition of anti-apoptotic Bcl-2, the augmentation of Drp-1, and disruption of mitochondrial functions, ultimately causing mitochondrial apoptosis [81]. HeLa cells also underwent mitochondrial apoptosis when these cells were treated with berberine, a natural alkaloid derived from the medicinal plant Berberis vulgaris, which is endowed with different biological properties [82]. The treatment with berberine decreased the levels of E6 and E7, increasing the levels of p53 and pRB; this reduced the cells’ viability through the loss of ΔΨm, the activation of caspase-3, and the induction of cleaved PARP [83]. Moreover, in experiments conducted on HeLa cells, some polyphenols present in green and black tea, such as epigallocatechin gallate (EGCG) and theaflavins (TF), respectively, induced the production of ROS, the release of cyt c, and cleavage of caspase-9 and -3, triggering intrinsic apoptosis [84]. Moreover, 4-(3′,3′-dimethylallyloxy)-5-methyl-6-methoxy-phthalide (DMMP), an agent from the endophytic fungus Pestalotiopsis photiniae, also induced mitochondrial apoptosis in HeLa cells [85]. This potential antitumor compound arrested the cell cycle in the G1 phase, induced the loss of ΔΨm, enhanced p53 levels, and increased the mRNA expression of pro-apoptotic Bcl-2 family genes (PUMA, NOXA, Bax, Bad, and Bim) in order to promote mitochondrial apoptosis [85]. Curcumin, a phytopolylphenol isolated from Curcuma longa, also induced intrinsic apoptosis in cervical cancer cell lines through the release of cyt c and the activation of caspase-3 and -9 [86]. In line with the latter drug, some compounds, such as atovaquone, have also shown anticancer properties in cervical cancer cell lines and in vivo models. In particular, this antiprotozoal drug induced intrinsic apoptosis by inhibiting mitochondrial complex III both in vitro, in SiHa cells, and in vivo, in a cervical cancer xenograft mouse model [87]. On the other hand, the use of drugs such as staurosporine, a potent inhibitor of multiple protein kinases, decreased the expression of E6 and E7 oncoprotein in Caski and HeLa cervical tumor cells. This compound induced an increase in p53, the release of cyt c into the cytosol, and the activation of caspases-9 and -3, leading to PARP cleavage and apoptosis related to the mitochondria [88].



Juglone, an antioxidant extracted from the roots, leaves, nut hulls, wood, and bark of Juglans mandshurica, was able to decrease the levels of Bcl2 and increased Bax, causing the release of cyt c from the mitochondria, inducing mitochondrial apoptosis and cell cycle arrest at the G2/M phase in CaSki cell lines [89]. Similar effects were observed with a chloroform extract of Rasagenthi Mezhugu (RM), a formulation from traditional Asian medicine which caused the loss of ΔΨm and the accumulation of apoptotic bodies, indicating the induction of apoptosis [90]. A mitochondrial role of Phyllanthus amarus was also observed in HeLa, and CaSki cell lines. In these cells, the lignan-enriched fraction (LEF) triggered mitochondrial apoptosis mediated by the activation of p53, which induced an increase in Bax and a decrease in Bcl2. LEF also generated the production of ROS, which induced DNA damage and a decrease in ΔΨm. In addition, E6 decreased with treatment with LEF, suggesting that this product contains compounds with an affinity for this oncoprotein. Supporting the latter finding, the principal lignan of Phyllanthus amarus, extracted from the chloroform phase, showed an irreversible affinity for E6 according to an in silico analysis [91], which indicated that the inhibition of E6 is crucial for allowing apoptosis in cervical cancer cells. On the other hand, a lipid derived from Pinellia pedatisecta decreases the mRNA expression of E6 in HR-HPV-positive cervical cancer cell lines such as CaSki and HeLa cells, which was associated with an increase in both messenger RNA (mRNA) and protein levels of p53, Bax, and caspase-3, inducing mitochondrial apoptosis [92]. BCDD also downregulates the E6 mRNA of HR-HPV-18 from HeLa cells, inducing intrinsic apoptosis by restoring p53 and inducing the release of cyt c [81]. In other models of cancer, such as HNSCC HPV(+) or squamous cell carcinoma (SCC), it has been demonstrated that the mitochondria can be targeted to potentially reduce or eliminate these cancers. For instance, it has been found that in HNSCC HPV(+) cells, fenretinide (a retinoid derivative and an inducer of endoplasmic reticulum stress) induced the expression of the pro-apoptotic protein NOXA and led to mitochondrial apoptosis [93]. Moreover, in SCC, specifically in HPV-immortalized/v-Ha-Ras tumorigenic keratinocytes, the synthetic retinoid N-(4-hydroxyphenyl)retinamide (4-HPR) induced the production of ROS, mitochondrial membrane permeability transition (MPT), and apoptosis [94]. Thus, the different compounds reviewed above induce events such as the production of ROS, the activation of proapoptotic proteins, the deactivation of antiapoptotic proteins, the loss of Δψm, the release of cyt c, the activation of caspases, and, in general, lead to the activation of the different mitochondrial apoptosis pathways. This makes these compounds potential cancer drugs that target the mitochondria. However, further investigations are needed, as most of the studies have been conducted in cell models, while animal models would strengthen the present evidence of activity and would attract new experimental efforts in order to assay them regarding HPV-related therapy. HPV-related cancers, such as HNSCC HPV(+), could be targets for new biotherapies such as mitochondrial transplantation, in which functional mitochondria are transplanted into tumors with mitochondrial dysfunctions, activating mitochondrial apoptosis and having an antitumoral effect [95]. In HNSCC HPV(+) cancers, HPV proteins such as E6 induce mitochondrial dysfunction and may also decrease the mitochondrial apoptosis associated with the release of cytochrome c due to p53 decrease [54]. Therefore, transplantation of functional mitochondria could increase the intrinsic mechanisms of apoptosis due to the presence of mitochondria with an apoptotic system under adequate conditions to induce cell death. Moreover, this therapy could work adequately in HPV-related cervical cancer, where the remaining p53 that is not degraded by E6 could be sufficient to induce mitochondrial apoptosis through the newly transplanted healthy mitochondria. However, this is something that has still to be studied and deserves further urgent exploration, as mitochondria transplants could be an efficacious therapy against HPV-related cancers.




6. Conclusions


HPV-related cancers are dependent on the mitochondria because the mitochondria regulate the metabolism, survival, growth, and apoptosis of cancer cells. In these cancers, HR-HPV proteins bind to and modify the functions of the mitochondria, contributing to cell transformation; however, these HPV proteins can be targeted to be sensitized for eliminating HPV-related cancer, since different compounds or drugs can bind them, inducing mitochondrial apoptosis. Indeed, a predominant mechanism of action of the different compounds under investigation consists of inducing mitochondrial apoptosis by reducing the levels of HPV oncoproteins, so potential treatments with compounds that are able to induce mitochondrial apoptosis in HPV-related cancers cells may directly target HPV proteins. Therefore, the appropriate use of these molecules and the design of appropriate protocols targeting the downregulation of HPV oncoproteins to specifically induce mitochondrial apoptosis in HPV-related cancers may improve cancer survival in HPV-related neoplasia.
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Abbreviations


Apaf1: apoptotic protease activating factor-1; ATM/ATR, ataxia–telangiectasia mutated/RAD3-related; Bak, Bcl-2 homologous antagonist/killer; Bax, Bcl-2-associated X protein; BCDD, butyl 2-cyano-3, 11-dioxours-1,12-dien-24-oate; BCDD, butyl 2-cyano-3, 11-dioxours-1,12-dien-24-oate; Bcl2, B cell lymphoma; BS-IV, Buddlejasaponin IV; CAD, caspase-activated DNase; CAIX, carbonic anhydrase IX; CAT, catalase; cyt c, cytochrome c; DDR, DNA damage response; DHA, docosahexaenoic acid; DIABLO, direct IAP binding protein with low pI; DMMP, 4-(3′,3′-dimethylallyloxy)-5-methyl-6-methoxy-phthalide; DNA, deoxyribonucleic acid; Drp1, dynamin-related protein 1; E, early; EGCG, epigallocatechin gallate; ERK, extracellular signal-regulated kinases; ETS, electron transport system; FAO. fatty acid oxidation; FITC, fluorescein isothiocyanate; GPx, glutathione peroxidase; GSH, glutathione; H2O2, hydrogen peroxide; HAX-1, hematopoietic cell-specific protein 1-related protein X-1; HDAC, histone deacetylase; HIF 1α, hypoxia-inducible factor 1α; HNSCC, head and neck squamous cell carcinoma; 4-HPR, N-(4-hydroxyphenyl) retinamide; HR-HPV, high-risk human papillomavirus; hTERT, human telomerase reverse transcriptase; JNK, c-Jun N-terminal kinases; L, late; LCR, long control region; LEF, lignan-enriched fraction; MOMP, mitochondrial outer membrane permeabilization; MPT, membrane permeability transition; mRNA, messenger RNA; mROS, mitochondrial ROS; mtDNA, mitochondrial DNA; NADH, nicotinamide adenine dinucleotide; NFκB, nuclear factor kappa light-chain-enhancer of activated B cells; Nrf2, nuclear factor erythroid 2-related factor 2; O2•−, superoxide anion; •OH, hydroxyl radical; OS, oxidative stress; OXPHOS, oxidative phosphorylation; PARP, poly-(ADP-ribose) polymerase; PDH, pyruvate dehydrogenase; PDK1, 3-phosphoinositide-dependent protein kinase 1; pRB, retinoblastoma tumor suppressor; PUMA, p53 upregulated modulator of apoptosis; ROS, reactive oxygen species; SCC, squamous cell carcinoma; Smac, second mitochondria derived activator of caspase; SOD, superoxidase dismutase; SP1, specificity protein 1; TCA, tricarboxylic acid cycle; TF, theaflavins; TFIID, transcription factor IID; TFs, transcription factors; TNF, tumor necrosis factor; TPT, triphenyl tin; UPS, ubiquitin–proteasome system; UVB, ultraviolet B; VEGF, vascular endothelial growth factor; WHO, World Health Organization; Δψm, mitochondrial membrane potential.
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Figure 1. Three-dimensional structure of the heparin-bound pentamer of the L1 protein from human papillomavirus (HPV) Type 16. The image is publicly accessible at the link https://www.rcsb.org/3d-view/5W1O/1 (accessed on 6 February 2023) and corresponds to the structure with PDB ID 5W1O [10]. The viral capsid forms electrostatic and polar interactions with the anionic heparin fragments (pink) through the basic Lys-54, Lys-59, Lys-278, Lys-356, and Lys-361 and the polar residues Asn-57, Gln-194, and Thr-358. The interactions between HPV and the heparan sulfate oligosaccharide are of crucial importance, as they initiate the infection [10]. 
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Figure 2. Human papillomavirus (HPV) proteins and compounds induce mitochondrial apoptosis in HPV-related cancers. HPV proteins such as E2, E4, and E5 can bind to the mitochondria, inducing mitochondrial apoptosis. On the other hand, E6 and E7 oncoproteins protect against mitochondrial apoptosis; however, different compounds, such as berberine, reduce the levels of these oncoproteins, reactivating p53, which activates proapoptotic proteins such as Bcl-2-associated X protein (Bax) and the p53 upregulated modulator of apoptosis (PUMA), and deactivates antiapoptotic proteins such as Bcl-xL, reducing the mitochondrial membrane’s potential (Δψm) and promoting the release of cytochrome c (cyt c). The latter induces the activation of caspase-9 and -3, resulting in mitochondrial apoptosis. 






Figure 2. Human papillomavirus (HPV) proteins and compounds induce mitochondrial apoptosis in HPV-related cancers. HPV proteins such as E2, E4, and E5 can bind to the mitochondria, inducing mitochondrial apoptosis. On the other hand, E6 and E7 oncoproteins protect against mitochondrial apoptosis; however, different compounds, such as berberine, reduce the levels of these oncoproteins, reactivating p53, which activates proapoptotic proteins such as Bcl-2-associated X protein (Bax) and the p53 upregulated modulator of apoptosis (PUMA), and deactivates antiapoptotic proteins such as Bcl-xL, reducing the mitochondrial membrane’s potential (Δψm) and promoting the release of cytochrome c (cyt c). The latter induces the activation of caspase-9 and -3, resulting in mitochondrial apoptosis.



[image: Pathogens 12 00402 g002]







[image: Pathogens 12 00402 g003 550] 





Figure 3. Structural representation of some of the main natural compounds that are able to target the mitochondria, as described in this review. EGCG, epigallocatechin gallate; DMMP, 4-(3′,3′-dimethylallyloxy)-5-methyl-6-methoxy-phthalide. 
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Table 1. Treatments (compounds or preparations) evaluated for targeting the mitochondria in HPV-related cancers.
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	Mitochondria Targeting Treatment
	Mitochondrial Proteins Involved
	Regulation of HPV Oncoproteins
	Effects
	Ref.





	HeLa cells
	Rotenone
	↑Bax
	Not studied
	↑ROS, ↓ATP, cell cycle arrest, ↑caspase-3, resulting in mitochondrial apoptosis
	[79]



	HeLa cells
	TPT-benzimidazolethiol
	↑Bax mRNA

Cyt c and Smac/DIABLO release
	↓E6 oncoprotein
	↑p53, ↑caspase-3 and -9, G0/G1 cell cycle arrest, resulting in mitochondrial apoptosis
	[80]



	HeLa cells
	Cyano derivative of 11-keto-β-boswellic acid, BCDD
	↑Drp1

↑Bax

↓Bcl2

↑Cyt c release
	↓E6 mRNA
	↑p53, resulting in mitochondrial apoptosis


	[81]



	SiHa and HeLa cells
	Berberine
	↓ ΔΨm
	↓E6 and E7 oncoproteins
	↑Caspase-3, resulting in mitochondrial apoptosis and

↓cell viability
	[82]



	HeLa cells
	EGCG and TF
	Cyt c release
	Not studied
	↑ROS, ↑caspase-3 and -9, resulting in mitochondrial apoptosis
	[84]



	HeLa cells
	DMMP
	↑PUMA, ↑NOXA, ↑Bax, ↑Bad, ↑Bim, ↓ ΔΨm
	Not studied
	Cell cycle arrest in G1, mitochondrial apoptosis
	[85]



	HeLa, SiHa cells and a xenograft mouse model
	Curcumin
	↑Caspase-3 and -9

↑Bax

Cyt c release
	Not studied
	Mitochondrial apoptosis
	[86]



	SiHa cells and a xenograft mouse model
	Atovaquone
	Inhibits Complex III, inhibits mitochondrial respiration
	Not studied
	↓Cell viability
	[87]



	Caski and HeLa cells
	Staurosporine
	↑ Cyt c release


	↓E6 and E7 oncoproteins
	↑p53, ↑caspase-3 and -9, resulting in mitochondrial apoptosis
	[88]



	CaSki cell lines
	Juglone
	↑Bax

↓Bcl2

↑ Cyt c release
	Not studied
	Cell cycle arrest in G2/M, ↑caspase-3, resulting in mitochondrial apoptosis
	[89]



	ME-180 and SiHa cell lines
	Chloroform extract of Rasagenthi mezhugu
	↓ ΔΨm
	Not studied
	Mitochondrial apoptosis
	[90]



	HeLa, and CaSki cell lines
	LEF of Phyllanthus amarus
	↑Bax

↓Bcl2

↓ ΔΨm
	Not studied
	↑ROS, ↓E6, ↑p53, resulting in mitochondrial apoptosis
	[91]



	HeLa and CaSki cells
	Lipid derived from Pinellia pedatisecta
	↑ Bax


	↓E6 mRNA


	↑p53, ↑caspase-3, resulting in mitochondrial apoptosis
	[92]



	HNSCC HPV(+) cells
	Fenretinide
	↑NOXA
	Not studied
	Mitochondrial apoptosis
	[93]



	HNSCC HPV(+) cells
	4-HPR
	

↑Caspase-3
	Not studied
	↑ROS, MTP, resulting in mitochondrial apoptosis


	[94]







Abbreviations: Bax, Bcl-2-associated X protein; ROS, reactive oxygen species; ATP, adenosine triphosphate; TPT, triphenyl tin; Smac, second mitochondria derived activator of caspase; DIABLO, direct IAP binding protein with low pI; Drp1, dynamin-related protein 1; Bax, Bcl-2-associated X protein; Bcl2, B cell lymphoma; ΔΨm, mitochondrial membrane potential; LEF, lignan enriched fraction; EGCG, (−)-epigallocatechin gallate; TF, theaflavins; DMMP, 4-(3′,3′-dimethylallyloxy)-5-methyl-6-methoxy-phthalide; PUMA, p53 upregulated modulator of apoptosis; 4-HPR, N-(4-hydroxyphenyl)retinamide; MTP, mitochondrial membrane permeability transition; mRNA, messenger RNA; BCDD, butyl 2-cyano-3, 11-dioxours-1,12-dien-24-oate; cyt c, cytochrome c; HNSCC, head and neck squamous cell carcinoma. ↑: increase, ↓: decrease.
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