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Abstract 

Recent debate among the experts of cancer research regarding the main causes of carcinogenesis encouraged us to review the etiology of cancer pathogenesis. The somatic mutation theory attributes carcinogenesis to random errors in DNA multiplication while the tissue organization field theory ascribes causation to environmental factors. We recognize complexity in cancer pathogenesis and accept the premise of both DNA multiplication errors and environmental factors in cancer development. Furthermore, it should also be noted that the combination of these factors and the relative importance of the each differ in various types of cancers. For example, in some cancers, genetics plays a prominent role while in others environment such as obesity plays a much stronger role. Additionally, the cancer mitigating factors should also be considered. The balance of cancer-enhancing and cancer-suppressing forces determines the cancer incidence. Ultimately, identifying the lifestyle factors that revise somatic mutations or epigenetic alterations will lead to a clear understanding of pathogenic mechanisms of cancer and to the optimal preventive strategies. This narrative review evaluates the published evidence on carcinogenesis pertaining to the whole organism (thus, holistic) incorporating genetics, epigenetics, immunology, inflammation and infections with emphasis on oral infections. 
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Core tip: A recent debate among renowned scholars prompted us to review cancer pathogenesis in a holistic approach. One group attributed cancer to “random errors in DNA multiplication” (Tomasetti C, Science, 2015) while other experts credited environmental factors for cancer causation. (Wu S, Nature. 2016) However, we put forward the concept that cancer is multifactorial and both intrinsic (DNA multiplication errors) and extrinsic (environmental) factors contribute to carcinogenesis. In this review, we examined these risk factors in some detail covering genetics, epigenetics, immunity, inflammation and infections. We acknowledge the contribution of each risk factor is different in various types of cancer. In some cancers, genetics plays a powerful role while in others, metabolism contributes a stronger impact. Therefore, a holistic understanding of carcinogenesis is truly necessary considering multisystem involvement in cancer development. 
Janket SJ, Qureshi M, Bascones-Martinez A, González-Febles J, Meurman JH. Holistic paradigm in carcinogenesis: Genetics, epigenetics, immunity, inflammation and oral infections. World J Immunol 2017; In press
INTRODUCTION 
Approximately 1.5 million new cases of cancer are diagnosed each year[ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
1
] and nearly 600000 persons will die from the disease[


1 ADDIN EN.CITE ]. Recent debate among experts[ADDIN EN.CITE.DATA 


2,3 ADDIN EN.CITE ] on carcinogenesis can be categorized into two major theories: bad luck in DNA multiplication[ADDIN EN.CITE.DATA 


2 ADDIN EN.CITE ] or environmental factors[


3 ADDIN EN.CITE ]. Somatic mutation theory (SMT) is in support of the thesis that all cancers are caused by somatic mutations[ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
4
], namely as consequences of errors in DNA replication. However, a new tissue organization field theory (TOFT) paradigm considers that carcinogenesis takes place at the tissue level, and carcinogenesis is a reversible process[5]. 
The ever increasing rates of cancer in the last century can be explained by the concurrent burgeoning endocrine-metabolic, inflammatory, neurodevelopmental or neurodegenerative chronic diseases and their epigenetic influence on tissue programming. The somatic mutations can lead to changes at the cellular, genetic, and epigenetic levels that transform normal cells to a malignant mass by permitting and promoting uncontrolled cell division[6]. The somatic mutations include: (1) substitutions of one base for another; (2) insertions or deletions of small or large segments of DNA; (3) re-arrangements, in which DNA has been broken and then rejoined to a different DNA section; (4) gene amplification which increases gene numbers from normal diploids to ploidy of several hundred; or (5) total deletion of genes[7]. Cancer cells may also acquire totally foreign DNAs from viruses. The DNA contributing viruses are human papilloma (HPV), human herpes virus 8, Epstein Barr virus (EBV), and hepatitis B virus[7]. On the contrary, TOFT considers cancer “results of a disruption of cell communication needed to maintain normal tissue structure and function”[8]. 
Additionally, epigenetics is a process where external or environmental factors silence some gene expression or enhance others and thus can increase or decrease cancer occurrence. However, epigenetic changes are correlated with gene mutation and the demarcations between genetics and epigenetics become unclear[


9,10 ADDIN EN.CITE ]. Our opinion is that both genome based SMT and epigenome based TOFT are interlaced in carcinogenesis and that genetics and epigenetics converge in the end. This interpretation has been shared by several leading researchers[


10,11 ADDIN EN.CITE ]. One point of note is that in some cancers the genome may have more powerful impacts while in others the epigenome may influence carcinogenesis more strongly. 
Lifestyle and biologic factors can also modify somatic mutations. These factors include ageing, smoking, alcohol intake, exposures to ultraviolet light or chemicals such as pesticides, obesity and infections[12]. Thus, the progressive accumulation of minor mutations in the normal aging process also increases the risk of cancer. For this reason, ageing is the biggest cancer risk that affects everyone. Because many cancers occur from or in the vicinity of inflammation sites, inflammation was hypothesized to coordinate carcinogenesis[13]. However, this concept was largely invalidated by a disappointing failure of the trials to suppress inflammation for the purpose of reducing cancer incidence[


14 ADDIN EN.CITE ]. 
Recent theory suggests that cancer initiation is driven by a disruption in the quorum sensing mechanism, either by genetic mutations, or by the environment[8]. Quorum sensing (QS) can be interpreted as a communication and response mechanism in a community of cells that maintains the integrity of the community. When QS disruption causes dysfunction in sensing, it weakens the tissue defense and the community is vulnerable to cancer development[8]. The majority of QS disruption does not cause cancer because the immune system quickly removes aberrant and undesirable molecules before they progress to malignancy. These findings confirm that immune dysfunction can be an integral part of oncogenesis[15]. Thus, holistic understanding of carcinogenesis is the key to the prevention of cancer. The underlying cancer biology should include: (1) genome instability; (2) evading immune destruction; (3) infection/inflammation; and (4) energy metabolism. Clearly, cancer is a multifactorial disease as we illustrated in Figure 1 but the relative importance among these factors in cancer pathogenesis is yet to be elucidated. If the number of publications may reflect the relative importance, it will be of interest to tabulate the publication metric which is presented in Table 1. We will discuss these multisystem involvements in carcinogenesis individually in some detail. 
Immunology of oncogenesis

According to the currently accepted paradigm, the immune system has the ability to regulate cancer initiation and progression while cancer cells have the ability to evade immune actions by expressing molecules that will incapacitate immune intervention. Thus, understanding and manipulating this dynamic relationship became the focus of current cancer therapies. 

The innate immune system plays an important role in cancer development. When immune surveillance is normal, the innate immune system quickly triages the stimuli by correctly identifying whether they are harmless, part of the self, or harmful. Typically, appropriate actions will follow, namely, tolerance if harmless and part of self, or destruction if harmful[


16,17 ADDIN EN.CITE ]. Unfortunately, cancer cells can manipulate immune cells such as macrophages and T-cells to their advantage and deceive them to tolerate aberrant cancer cells by creating immune privileged micro-environments. This is clearly demonstrated by normally host defensive and cancer suppressing macrophages can subvert normally M1 type actions and shift to M2 type activities[18]. This alteration in macrophages’ role results in cancer promoting tumor-associated macrophages (TAMs) which express much lower levels of cytotoxic cytokines than its M1 counterpart[


19 ADDIN EN.CITE ]. M1 pathways are pro-inflammatory, bactericidal, and tumoricidal and thus tumor suppressive. However, M2 pathway promotes anti-inflammatory activities expressing cytokines such as IL-10, transforming growth factor-β and IL-4. Moreover, M2 macrophages are poor antigen presenters and diminish T-cell functions. Additionally, TAMs support wound healing and tissue repair that are favorable to tumorigenesis. These facts strongly indicate that macrophages can be either pro- or anti-inflammatory depending on the environment they are situated[


20 ADDIN EN.CITE ]. TAMs in cancer microenvironment are involved in DNA damage, oncogenic transformation in the pre-tumor stage and promote cell proliferation and survival of tumor cells in established malignancy[


21 ADDIN EN.CITE ]. TAMs within the cancer microenvironment play crucial roles in oncogenesis, metastasis and manipulation of the adaptive immune system by manipulating effective T-cells[22]. 
The two important molecules that suppress T-cell function are cytotoxic T-lymphocyte antigen 4 (CTLA-4) and the programmed cell death protein-1 (PD-1)[


23 ADDIN EN.CITE ]. The cancer cells express PD-L1, a PD-1 ligand, and when PDL1 binds PD-1, this complex becomes the inhibitors of T and B cell responses. PD-L1 and PD-L2 are upregulated in head and neck squamous cell carcinoma (HNSCC) cells cultured with an oral pathogen, Porphyromonas gingivalis (P. gingivalis) in vitro. However, co-culturing with Streptococcus salivarius K12 did not upregulate PD-L1 or PD-L2[


24 ADDIN EN.CITE ]. 
Through these mechanisms the immune system can be forced to tolerate even non-self-antigens, and cancers occur when coexisting epigenetic mutations allow neo-antigens to proliferate. These facts underscore the intimate relationship of the immune system and cancer pathogenesis. Better understanding of the immune system and tumor cells relationship has introduced several novel cancer therapies utilizing immune checkpoint blockades and encouraging the immune system to target the specific cancer cells while leaving other cells and tissues intact[25]. These are the cutting edge bases for the personalized immunotherapy in cancer treatment.
Immunoediting, the basis for individualized cancer therapy

Immunoediting can be defined as “the interactions between the innate and adaptive immune system and cancer cells to restructure the course of cancer progression” Immunoediting can be host-protective (and thus suppressing cancer) or tumor-promoting by establishing a favorable tumor microenvironment that facilitates tumor growth.
The “3 Es” in immunoediting 
Elimination: Elimination occurs when the immune system is competent and strong enough to produce powerful immune reactions. Under the attack of a strong immune system, tumor cells express stress-induced molecules that are recognized by CD8+ effector cells and natural killer (NK) cells. Activated effector cells can express IFN-γ that inhibits tumor cell proliferation, and angiogenesis and CD8+ T cells can induce tumor cell apoptosis. Thus, tumor cells are completely eliminated[


26 ADDIN EN.CITE ]. 
Equilibrium: In the second scenario, immune destruction of cancer cells is not complete but tumor cells do not proliferate and stay dormant. Cancer eliminating cytokines such as IL-12 and IFN-γ are balanced by the action of cancer-tolerant IL-10 and IL-23. Other cytokines such as IL-4, IL-17A, IFN-α/β and NK cells stay out of this battle.
Escape: In the third scenario, tumor cells escape the immune assaults and proliferate. Tumor cells avoid immune recognition via weaker tumor antigens, or loss of MHC class I as well as the lack of co-stimulatory molecules. In this condition, the cancer cells increase resistance to apoptosis through several mechanisms: (1) by expressing STAT-3 or anti-apoptotic molecule Bcl2; (2) by creating immunsuppressive microenvironments by expressing vascular endothelial growth factor (VEGF), transforming growth factor beta (TGF-β); or (3) by producing immunoregulatory molecules such as PD-1/PD-L1 complexes that suppress T-cell actions[


26 ADDIN EN.CITE ]. 
Individualized immunotherapies

Currently popular cancer treatment strategies include “targeted immunotherapies”[25]. Fundamental principles of this strategy are awakening the checkpoints designed to suppress an over-zealous immune system to prevent autoimmunity. These check points involve molecules such as CTLA-4 and PD-1. By blocking these T-cell inhibitor molecules, T-cells can be energized and encouraged to attack tumor cells[


27 ADDIN EN.CITE ]. The FDA approved several targeted cancer therapies, namely ipilimumab, a monoclonal antibody against CTLA-4 in 2011, PD-1 antibodies pembrolizumab and nivolumab in 2014, and PD-L1 inhibitor atezolizumab in 2016. 
Basic understanding on immunological and inflammatory findings in relation to carcinogenesis is presented in Table 2.
Genetics in oncogenesis 
Epigenetics and cancer
Epigenetics is defined as genetic control by factors other than an individual’s DNA sequence via silencing certain genes while promoting others. These processes involve regulating transcription factors, access to chromatin, chromatin–chromatin interactions, expressing microRNAs (miRNA) or long non-coding RNAs (lncRNA) that control the expression of mRNA[


28 ADDIN EN.CITE ]. One may be tempted to say that epigenetics controls gene expression. However, epigenetic manifestations such as histone modification are often strongly correlated with patterns of inherited gene expression[9] and many gene mutations control the epigenome[10], thus, the demarcation between genetics and epigenetics is not clear. Consequently, some researchers regard that genetics and epigenetics are two sides of the same construct and should be combined[10]. During the process of tumor initiation and progression, the cancer epigenome is remodeled via global hypomethylation, increased promoter methylation at CpG islands, global down-regulation of miRNAs, lncRNAs or interactions between them and alterations in the nucleosome. The imbalance between transcriptionally permissive and repressive chromatin modifications may alter gene expression and lead to cancer[29]. 
The role of oral infections in oncogenesis remains ill-defined, however. It has been hypothesized that chronic inflammation such as in periodontitis has the potential to provoke epigenetic modifications[30] leading to DNA and histone methylations that contribute to oncogenesis. However, any bone modulation will involve these histone modifications[


28 ADDIN EN.CITE ], and periodontitis, which involves bone loss, may also cause histone modulation.
Histone modulation, DNA methylation and other gene alterations 
DNA methylations occurring in the CpG islands where the clusters of CpG sequences appear in the promoter regions, prevent transcriptional initiation and silence the genes[31]. Differential methylation patterns associated with apoptosis, lipopolysaccharides (LPS) signaling, cell adhesion and oncogenesis have been observed in untreated periodontitis tissues[30]. DNA methylation is necessary for normal cell development and is essential in tissue specific gene transcription[32]. Histone acetylation and down regulation of DNA methyltransferase 1 (DNMT1) was reported in oral dysbiosis[


33 ADDIN EN.CITE ]. This study has proven that epigenetic changes may indeed be associated with oral dysbiosis. DNA methyltransferase I (DNMT1) is overexpressed in many cancers[


34 ADDIN EN.CITE ]. Thus, reduced DNMT 1 in oral dysbiosis is not in agreement with the trend fostering oncogenesis. Parenthetically, reduced DNMT1 is in the same direction of cancer inhibition drugs such as 5-azacitidine or decitabine. Additionally, other lifestyle factors such as protein-restricted diets and weight loss also reduced DNMT1 expression[


35 ADDIN EN.CITE ]. These observations suggest that DNA methylation may be confounded by metabolic inflammation[


17 ADDIN EN.CITE ]. 
In general, histone acetylation is associated with enhanced transcription of genes[31], nucleosome assembly, chromatin folding, DNA damage repair, and replication[


36 ADDIN EN.CITE ]. However, the location and the gene involved will determine supporting or suppressing oncogenesis[


36 ADDIN EN.CITE ]. Histone acetylation has been shown to regulate tumor suppressor gene p53, or proto-oncogene c-Myb. These indicate that histone acetylation can up- or down-regulate oncogenesis[


37 ADDIN EN.CITE ]. Selected cancers in relation to epigenetic alterations are listed in supplemental Table 1. 
Role of microRNAs 
MicroRNAs (miRNAs) are a group of small, noncoding RNAs that play key roles in epigenetic regulation by controlling the translation and stability of mRNAs. They are crucial in developmental processes, apoptosis, and cell proliferation[


38 ADDIN EN.CITE ]. However, this regulation depends on the activities of other co-factors, DNA methylation and/or histone acetylation. The other co-factors include RNA-binding protein, CREB-binding protein or E1A binding protein p300 and Cyclic AMP response element-binding protein (CBP). This regulation indirectly inhibits or promotes mRNA expression. Notably, the role of miRNAs in oncogenesis varies depending on the mRNA they regulate and thus can be promoters or suppressors of oncogenesis[39]. However, in general, most miRNAs are under-expressed in cancer compared to normal tissues. 
Role of long non-coding RNAs

Long non-coding RNAs (lncRNAs) modulate cell proliferation, senescence, migration and apoptosis. 40They also interact with DNA, RNA and other proteins, and regulate gene expression, and other miRNA activities. The transcribed-ultraconserved regions (T-UCRs) are a segment of DNA and considered as a novel class of non-coding RNAs. UCRs are conserved, i.e., unchanged between the species. Therefore, alteration in this area is unlikely to occur due to chance, and differential expressions have been observed in several cancers[]. 
Oncogenes and proto-oncogenes 
Oncogenes are genes that have the potential to cause cancer and are often mutated or expressed at a high level in cancer. Proto-oncogenes are normal genes that can become oncogenes when other co-stimulating factors are present. These proto-oncogenes include Ras, Wnt, Myc, ERK, and Trk. 
Ras proteins, also called small GTPase are a group of ubiquitously expressed proteins in all cell lines. Their roles are in cellular signal transduction, energy regulation, and scavenging energy sources. More than 30% of all human cancers - including 95%of pancreatic cancers and 45% of colorectal cancers - are driven by mutations of the Ras family of genes[12]. Activated Ras proteins are master activators of other proteins ultimately leading to cell growth, differentiation and survival. Therefore, mutation in the Ras gene can contribute to carcinogenesis. The most prevalent Kras among 3 common human proto-oncogenes was associated with pancreatic cancer. Kras was also strongly associated with nicotine[ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
41
], and with the receptor of advanced glycation end products (RAGE)[


42 ADDIN EN.CITE ]. These facts suggest that smoking and glucose metabolism may be risk factors for pancreatic cancer via the Kras pathway. 
Mutations in Wnt genes lead to a variety of diseases including breast and prostate cancers, glioblastoma, type II diabetes, and others[


43 ADDIN EN.CITE ]. Wnt commonly co-exists with embryonic processes and cell fate specification, and cell proliferation. The canonical Wnt pathway leads to regulation of gene transcription, while the non-canonical pathway regulates the cytoskeleton. Thus, it is plausible why the non-canonical pathway is associated with periodontitis where bone remodeling is involved[


44 ADDIN EN.CITE ]. However, nicotine also impact on Wnt signaling and potential confounding by smoking is possible[


45 ADDIN EN.CITE ]. 
Myc is a regulator gene that codes for a transcription factor and plays a role in cell cycle progression, apoptosis and cellular transformation. Myc regulates many genes that lead to variety of cancers including carcinoma of the cervix, colon, breast, lung and stomach. 

ERKs are extracellular-signal-regulated kinases, such as classical mitogen-activated protein (MAP) kinases. MAP kinases are widely expressed in the regulation of cell divisions and post-mitotic functions in differentiated cells. Disruption of the ERK pathway is common in cancers. The role of microRNAs in carcinogenesis is summarized in supplemental Table 2.
Inflammation in oncogenesis
Rudolf Virchow in the 19th century hypothesized that chronic inflammation might increase tissue proliferation. Chronic inflammatory states have many features in common with cancer: Inhibition of apoptosis (partly due to inactivation of p53); induction of angiogenesis; and the activation of humoral immune response[46]. However, other metabolic conditions also express insulin-like growth factors (IGFs) and cyclo-oxygenase (COX)-2, both of which inhibit apoptosis[46]. IGFs are closely related to metabolic inflammation and diabetes, and elevated IGF levels were associated with breast, prostate, colorectal, and lung cancer[46]. Therefore, Virchow’s theorem that chronic inflammation (implicitly from infections) causes malignant transformation is yet to be proven. Rather, inflammation can be the results of cancer biology or can be paralleling phenomena without causal link to cancer pathogenesis. The reason is because inflammation can either tumor suppressive or tumor promoting[47]. 
The vast majority of somatic mutations involve some form of chronic inflammation. Up to 20% of cancers were linked with chronic infections, 30% may be traced to smoking tobacco or other inhalants such as asbestos or silica and 35% can be attributable to dietary factors[


48 ADDIN EN.CITE ]. Subclinical and often undetectable metabolic inflammation from obesity can be a strong risk factor for liver cancer[


49 ADDIN EN.CITE ]. Another type of chronic inflammation that precedes tumor development is caused by immune dysregulation and autoimmunity. The example of this is inflammatory bowel disease (IBD), which greatly increases the risk of colorectal cancer. 
Universal inflammatory marker NF-kB has been implicated in oncogenesis and also featured in oral dysbiosis[


33 ADDIN EN.CITE ]. However, NF-kB is ubiquitously expressed and controls numerous physiological processes including cell development, differentiation, immunity, metabolism and cancer. Thus, multiple confounding is possible in NF-kB expression. The fact that type 2 diabetes patients exhibited prominent NF-kB binding after LPS challenge compared with normoglycemic controls suggests that NF-kB expression may be due to metabolic inflammation rather than LPS challenge[


50 ADDIN EN.CITE ]. 
Metabolic inflammation and cancer 
Metabolism controls carcinogens via substrate availability, energy for proliferation, and cell survival. Among the multiple risk factors for oncogenesis, dysregulated metabolism is the most common and recognizable features of cancer[


51 ADDIN EN.CITE ]. However, its causal relationship to carcinogenesis is incompletely defined. Recent research revealed that a high fat diet induced intestinal dysbiosis and promoted intestinal oncogenesis in K-rasG12Dint mice[


52 ADDIN EN.CITE ]. Even more significant was the fact that cancer occurred without obesity or mucosal inflammation[


52 ADDIN EN.CITE ]. From the research point of view, this study proves that adjusting obesity is not sufficient to control for metabolic inflammation. 
Interestingly, butyrate supplementation prevented carcinogenesis in K-rasG12Dint as well as Apcmin/+ mice models[


53 ADDIN EN.CITE ], while detrimental in Apcmin/+Msh2−/−mice[


54 ADDIN EN.CITE ]. This suggests that dietary changes under certain genetic conditions can either prevent or promote oncogenesis. However, they did not observe the oral bacterium Fusobacterium nucleatum in the intestinal cancer region[


54 ADDIN EN.CITE ]. 
In the 1920s, Otto Warburg observed that tumor cells consumed a large amount of glucose, much more than normal cells, and converted most of it to lactic acid leading to the “Warburg effect”. The Warburg effect is defined as “aerobic glycolysis” which cancer cells utilize fermentation in the presence of oxygen to rapidly convert nutrients into biomass. Highly proliferative cells need glucose to be diverted to the pentose phosphate shunt and the serine/glycine pathway to produce nucleotides, excess lipid to create new cell membranes, and amino acids for the creation of new biomass[55]. 
Although reactive oxygen species (ROS) were implicated in infectious inflammation, glucose metabolism also generates ROS[56]. This observation is in agreement with our report that infectious and metabolic inflammation are in a confounding relationship[


17 ADDIN EN.CITE ]. 
infections and cancer 
Although some bacterial infections such as Helicobacter pylori infections are potential causal factors for cancers, oral infections as causative factors for cancer have not been determined. To be a causal factor, oral infections must occur before the cancer manifestation. Unfortunately, most published studies in this topic were cross-sectional studies[57] which cannot be inferred as causal association. As our knowledge on oncogenesis has expanded in recent years, new risk factors such as metabolic inflammation, p53 mutation which involved 60% of colorectal cancers[


58 ADDIN EN.CITE ] and this gene affects in early stage of adenoma to cancer conversion suggesting a causal role[59]. Moreover, adenomatous polyposis coli (APC) gene mutations that involved some 83% of sporadic colorectal cancer[


60 ADDIN EN.CITE ] become critical in establishing causal factors[


60,61 ADDIN EN.CITE ]. Thus, we have reviewed evidence from longitudinal studies published within the past 5 years. 
Longitudinal human studies on oral infections and cancer
Among the very few longitudinal studies, a population-based longitudinal study reported that serum P. gingivalis antibody increased the risk of orodigestive cancer mortality[


62 ADDIN EN.CITE ]. This study adjusted confounding minimally without controlling for alcohol consumption and the risk from APC gene mutation. Cancer risk factors are site specific, and combining oral, stomach, and intestinal cancers is problematic. 

The second study linked the antibodies to several oral pathogens to pancreatic cancer[


63 ADDIN EN.CITE ]. Interestingly, the authors observed that the antibodies to the commensals were associated with lower risk of pancreatic cancer. This suggests that dysbiosis may be a more appropriate risk marker than the role of a few pathogens. Dysbiosis on the other hand, can be a marker for abnormal immunity which predisposes to cancer development[64]. Although this study adjusted for confounders reasonably well, still APC or Kras gene mutations that are highly important to pancreatic cancer were not considered. Pancreatic cancer is a basically metabolic dysfunction based disease and Kras gene mutations are involved in 95% of pancreatic cancers[12]. 
A longitudinal study that assessed periodontal treatment by insurance claims was associated with lower risk of subsequent cancers but this study did not adjust for smoking, alcohol consumption or genetics[


65 ADDIN EN.CITE ]. Another insurance claims study examined the relationship of periodontitis diagnosis to pancreatic cancer incidence in 12 years of follow-up. The researchers observed a significant increase in pancreatic cancer risk among age 65 or older persons diagnosed with periodontitis at baseline[


64 ADDIN EN.CITE ]. This study is the largest by far and controlled for confounding well although some proxies were used. A more positive aspect of this study is that other infections such as viral hepatitis, and pancreatitis were adjusted. However, genetic mutations were not adjusted. Notably, Kras mutations were found in 71%-95% of pancreatic cancers along with the APC mutation[


66 ADDIN EN.CITE ], and thus it is absolutely required to adjust these gene mutations in pancreatic cancer. 
Recently, periodontitis was implicated as a causal factor for non-Hodgkin’s lymphoma (NHL)[67]. However, the low immunity resulting from the outcome may incite periodontitis. Thus, it is highly likely that periodontitis may be the reflection of low immunity resulting from lymphoma itself rather than a causal factor for it as we have stipulated in our letter to the editor of the International Journal of Cancer[68]. Immunosuppression in NHL is biologically plausible because in non-Hodgkin’s lymphoma, the circulatory system is crowded with immature lymphocytes which cannot generate strong immune responses when needed. Oral manifestations of leukemia are well-known with references dating back to 1930s and 40s[69,70]. Thus, reverse causation (periodontitis being the result of lymphoma) is possible due to long symptom-free latency[
 ADDIN EN.CITE 
71
] This study did not adjust for the chemical exposure, a strong risk factor for lymphomas[


72-75 ADDIN EN.CITE ]. These longitudinal studies evaluating oral infections and oncogenesis are summarized in Table 3.
Animal studies on oral infections and cancer 

In an elaborate murine study, 4-nitroquinoline-1-oxide (4NQO) induced oral squamous cell carcinoma (OSCC) and when F. nucleatum and P. gingivalis were co-cultured with cancer cells, OSCC progressed much more rapidly. These oral pathogens were not the initiating factor but rather enhancers of cancer progression[76]. 
A similar experiment was conducted utilizing multiple intestinal neoplasia gene positive (APCmin/+) mice and also observed the enrichment of Fusobacterium spp[


77 ADDIN EN.CITE ]. Here “min” designates “multiple intestinal neoplasia” gene. Another study observed strong presence of F. nucleatum in colorectal cancer (CRC)[


78 ADDIN EN.CITE ]. F. nucleatum was reported to activate the β-catenin/adhesin pathway and invades intercellular space via FadA adhesin[


78 ADDIN EN.CITE ]. However, the initiation of CRC may still be due to genetic susceptibility as the expert speculates that APC gene mutation is an initiating event and the presence of F. nucleatum may be a consequence[


79 ADDIN EN.CITE ]. Therefore, we concur with the statements that if genetic damage is the “match that lights the fire”, infection may be the “fuel that feeds the flames”[80]. 
Additionally, CRCs are driven by Kras pathway which is highly dependent on glucose metabolism, obesity, and lipid metabolism. Also, other epigenetic changes such as site specific DNA hypermethylation, loss of p53, Cox-2, mutation of Kras and Braf, all transform benign colon adenoma to malignant adenocarcinoma[81]. 
E-cadherins interact with β-catenin and maintain epithelial integrity. They not only act as physical barrier of invasion of pathogens but also provide Wnt-signaling pathway[


82 ADDIN EN.CITE ]. Loss of e-cadherins preceded the appearance of malignancy[83]. 
E-cadherins compete with APC, a tumor suppressor gene, thus become a risk factor for CRC, for β-catenin binding[


84 ADDIN EN.CITE ]. The close relationship of β-catenin and APC should be noted. Thus, potential confounding is conceivable through the ubiquitous Wnt/β-catenin signaling pathway. Moreover, cellular permeability was a risk factor for colon cancer and intestinal permeability is increased in metabolic inflammation[


17 ADDIN EN.CITE ]. Thus, it is uncertain whether F. nucleatum is a cause for oncogenesis or an opportunistic commensal microorganism that exploits diminished adhesion and translocates to the cancer site.
Oral virus infections and cancer

All human herpes viruses can evade immune surveillance and suppress the immune system and thus, once infected, they can stay dormant and be re-activated under certain conditions. Among these, EBV and KSHV are recognized as oncogenic viruses[85]. EBV was persistently present in oral mucosa and detected in OSCC, and also in nasopharyngeal cancer. However, detection does not confirm their causal role in oncogenesis.

Oral HPV has been implicated in uterine and head and neck cancers[


86 ADDIN EN.CITE ]. HPVs promote malignancy by mutating the tumor suppressor gene p53 by their oncoproteins E6 or E7[


87 ADDIN EN.CITE ]. However, HPV infections are often co-infected with a more sinister Epstein-Barr virus. Also, smoking and alcohol consumption coexist with HPV and this fact suggests that the role of HPV can be as an opportunistic bystander. Several researchers claimed that HPV might be a causal factor for head and neck cancers but we did not find any longitudinal data to support the causal relationship. Most references in this area were cross-sectional studies in case-control format with very short follow-up. A prominent expert in this field quoted that the World Health Organization (WHO) determined that HPV infection was the cause for HNSCC[


88 ADDIN EN.CITE ]. When we verified the evidence in the WHO website, we found only several case series as evidence for the causal association of HPV and cancer. Case-series or even case-control study results are hardly sufficient evidence for causality establishment in the evidence-based medicine[89]. At the present, the existing evidence is not solid enough to establish a causal role of HPV infection in oral carcinogenesis. In a longitudinal study, Gillison et al[88] reported that “The seropositivity to HPV is not a marker for infection nor do HPV16 L1 antibodies protect from infection”[


90 ADDIN EN.CITE ]. Interestingly, the current HPV vaccination uses HPV16 L1 to induce antibodies[91]. Thus, the utility of this vaccine for HPV prevention is of questionable value. Only 1% of population have oral HPV type 16 that is found in oropharyngeal cancers[92] and this can be interpreted that 99% of HPV infections are not associated with oral malignancy. Considering the totality of evidence, we concur with the expert not associated with this particular group[91] and also with the view of the Centers for Disease Controls and prevention (CDC) in that “It is unclear if having HPV alone is sufficient to cause oropharyngeal cancers, or if other factors (such as smoking or chewing tobacco) interact with HPV to cause these cancers”. http://www.cdc.gov/std/hpv/stdfact-hpvandoropharyngealcancer.htm.
Many experts consider that the presence of oral bacteria in cancer tissues may be the consequence of the cancer microenvironment[
 ADDIN EN.CITE 
79
] or marker for immune dysfunction which predisposes to cancer[64]. Some microorganisms can translocate to the lesion where cancer microenvironments engender low immunity. Especially in non-Hodgkin’s lymphomas that accompany generalized low immunity due to dysfunctional lymphocytes, periodontitis may be one of the manifestations of this low immunity[67]. Some measure of host immunity should be adjusted to reach an unbiased assessment of the relationship between oral infections and carcinogenesis. More importantly, a prediction model to evaluate the relative importance of each factor to carcinogenesis is necessary to prevent siphoning limited resources to minor risk factors.
CONCLUSION
Genetics, immunity epigenetics and inflammation may play major roles in carcinogenesis. Most notably, inflammation from endogenous sources (metabolic inflammation) is a strong contributor, while inflammation from exogenous infection may play a minor role in cancer development[17] with few exceptions such as H. pylori in gastric cancers. 
Although we found some indications that oral infection may contribute to carcinogenesis, we are unable to determine whether there is unequivocal evidence that oral infections are independent cause for carcinogenesis. The reason is that the key initiating factors, the gene mutations[ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
4
] were not controlled in any studies. Ignoring APC mutation in colorectal cancers or Ras protein’s role in pancreatic cancer will result in biased conclusion. Additionally, periodontitis is an inflammatory/immune-related disease and systemic immunity affects its manifestation.
It is, therefore, possible that low host immunity may connect cancer and periodontitis but the causal contribution of oral infection to carcinogenesis is questionable. However, there is limited evidence that oral infections may promote the progression of cancer[
 ADDIN EN.CITE 
76,77
]. Further studies are needed to examine the role of oral infections in carcinogenesis via the holistic approach considering the multisystem in the whole human body.
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 Table 1 Cancer pathogenesis literature metrics stratified by risk factor categories
	Risk factor category
	No. of articles published


379694

	
	

	Infections 
	85420


52889

	
	


43505

	
	


37930

	
	

	Oral infections and periodontitis
	5612


Not all publications report causal relationship.

Table 2 Summary of inflammation and cancer relationship

	Basic observations
	Interpretation

	Chronic inflammation increases cancer risk
	Causality is not proven[47]
Inflammation from psoriasis actually reduces cancer risk

	Acute infections (AIs) decrease cancer
	AIs are proven to decrease cancer risk as shown in Coley’s toxin[93]
AIs may mobilize strong immune responses and create cancer resisting environment[94,95]

	Metabolic inflammation may be an important risk factor
	Causality is quite possible, via  IGF, VEGF

	Various type of immune, inflammatory cells are present in cancer loci
	They can be innocent bystanders

	Immune cells affect malignant cells through cytokines, chemokines, growth factors, prostaglandins, and reactive oxygen and nitrogen species
	This fact proves that there is an interaction between immune cells and cancer cells but causal relationship is yet to be established

	Inflammation is present from tumor initiation to metastasis
	It does not mean inflammation causes cancer. Inflammation may be a part of disease processes in cancer

	NF-kB signaling pathway can be two-way street: NF-kB from immune system can suppress cancer progress; also NF-kB from cancer cells to resist immune action
	NF-kB is universal biologic transcription factor and difficult to prove its involvement as a causal factor in carcinogenesis

	Certain immune/inflammatory actions are dispensable in some stages and indispensable in others
	


AIs: Acute infections; IGF: Insulin-like growth factor; VEGF: Vascular endothelial growth factor.
	Ref.
	Design/

sample size/ f-u
	Predictor
	Outcome 
	Methods 
	Results 
	Comments

	Ahn et al[62], 2012
	Prospective follow-up study: (n = 105) 

Approximately 12 yr f-u
	Serum P. gingivalis antibody and  periodontitis status
	ODC mortality
	Cox proportional hazards regression analysis 

Controlled age, sex, smoking status, education, race/ethnicity and BMI
	Periodontitis increase CRC risk RR = 3.58; 95%CI: 1.15–11.16) 

Greater serum P. gingivalis IgG(non-significant increase in risk for ODC mortality
	No adjustment of alcohol consumption and genetics
Cox regression N = event number
May be underpowered

	Michaud[63], 2013


	Nested case-control study: n = 405 cases and 416 matched controls

Approximately 10 yr f-u
	Plasma antibodies

to 25 oral bacteria
	Pancreatic cancer  
	Conditional logistic regression: Matched on centre, sex, follow-up time, age collection, date and time of blood collection, fasting status and use of exogenous hormones among women.

Additional adjustment of smoking and BMI
	High antibody level to P gingivalis double the risk (non-significant) ((OR) 2.11 (0.97 to 4.59) P > 0.05

High antibody levels to commensals (45% lower  cancer risk (significant): OR 0.55; 95%CI: 0.36 to 0.83,  P < 0.05
	No adjustment of genetics
No adjustment of metabolic oncogenes, i.e., k-ras

	Hwang et al[65], 2014
	Age, sex matched case-control (1:2)

n = 116706

Approximately 13 yr  f-u
	Periodontal treatment by insurance claims
	Death, withdrawal from the NHI system, or any cancer diagnosis
	Cox proportional hazards regression
Age, sex, occupation, T2D hypertension, hyperlipidemia
	HR = 0.72, 95%CI: 0.68-0.76), P < 0.05
	No adjustment of smoking, alcohol consumption or genetics


	Chang J  et al[64], 2016
	Prospective cohort study, n = 214890

Approximately 12 yr f-u
	Periodontitis (PD) diagnosis by insurance claims
	Censored or diagnosed with  pancreatic cancer
	Cox proportional hazards regression
Adjusted for age, sex, diabetes, hypelipidemia, allergies, viral hepatitis, peptic ulcer, pancreatitis, COPD, and alcohol-related conditions
	HR = 1.55 (1.02-2.33), P = 0.04 in the whole cohort
Age ≥  65 (HR, 2.17; 95% CI, 1.03-5.47) 
Age < 65 yr (HR, 0.83; 95%CI: 0.52-1.34)
Men (HR, 1.72; 95%CI: 1.01-2.93; Women HR, 1.33; 95%CI: 0.69-2.55
	Proxies for smoking and alcohol consumption adjusted
Viral hepatitis, gastric ulcer and pancreatitis adjustment is positive
Genetics was not adjusted

	Bertrand  et al[67], 2016
	Prospective cohort

26 yr f-u

N = 51529
	History of periodontitis assessed by questionnaire 
	Non-Hodgkin’s lymphoma including

CLL; SLL; diffuse large B-cell lymphomas; follicular lymphomas
	Lymphoma in general has strong correlation to hereditary immune suppression and chemical usage, i.e., pesticides( lymphoma is prevalent in agricultural workers
	Overall  NHL  HR = 1.30 (95%CI: 1.11-1.51)

CLL/SLL HR = 1.41 (95%CI: 1.08-1.84) 
	Lymphoma (lower immunity(periodontitis may be a marker for suppressed immunity
Chemical exposure was not controlled
Reverse causation is possible due to long asymptomatic latency



CLL: Chronic lymphocytic leukemia; SLL: Small lymphocytic lymphomas; ODC: Orodigestive cancer; f-u: Follow-up; COPD: Chronic obstructive pulmonary disease; CRC: Colorectal cancer.

Figure 1 Postulated mechanism of carcinogenesis. HBV: Hepatitis B virus; HCV: Hepatitis C virus; TNF: Tumor necrosis factor; IL: Interleukin; NF-ĸB: Nuclear factor-kB; MMP: Matrix metalloproteinase.


Table 3 Longitudinal studies on the association of oral infections with cancer








Genomic abnormalities





Bacteria 


H. pylori, 


P.g ?  F.n ? 





Acute inflammation ( oncogenesis 





Epigenetic alterations





Tumor suppressor genes


DNA repair genes





Histone modulation, DNA hyper- & hypo-methylation 








miRNAs 





Immune dysfunction








Vitamin D deficiency





Chronic inflammation( oncogenesis 


(TNF-a, IL-1, IL-6, NF-kB, COX-2, MMP) 





Somatic mutations 


(Damages / alterations in DNA structure)








Cells with abnormal DNA proliferation





cancer





Stress (chemical, physical, psychological)





Environmental insults (smoking, pesticides, diesel, benzene)





Diet, diabetes, & metabolic inflammation





Viruses:


HBV, HCV, HPV, EBV. 
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