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The context

Estimates of the impact of environmental exposures on health

The degradation of the environment has significant impacts on human health and wellbeing (1). However, this impact is difficult to quantify because it is unevenly distributed amongst populations and current methodologies to assess causal links between environment and health have important limitations. Several attempts to quantify the environmental health burden have been put forward recently, although the definitions of what comprises the “environment” or an “environmental agent” differ. The environment generally encompasses all health-relevant factors that are not genetic, and usually excludes behavioural factors; a definition that we will adopt here, i.e. non-genetic agents that are not exclusively related to individual behaviours.

The Global Burden of Disease project estimated the impact on health from various environmental factors, including indoor and outdoor air pollution, lead residential radon exposure, the availability of clean water and sanitation, important occupational exposures and secnd-hand smoke (2). A more comprehensive approach concerning environmental exposures has been applied by Prüss-Ustün et al (3). Systematic literature reviews on 133 diseases and injuries were performed and population attributable fractions were used to calculate global deaths and global disease burden from environmental risk factors. They estimated that 23% (95% CI: 13-34%) of global deaths and 22% (95% CI: 13-32%) of global disability adjusted life years (DALYs) were attributable to environmental risks in 2012. These estimates were based on all environmental exposures, including infectious diseases but excluding behavioural factors. The global disease burden attributable to the environment in these estimates is dominated by noncommunicable diseases (NCDs), including cancer. Environmental risk factors for cancer included indoor air pollution from fuel combustion, ambient air pollution, second-hand smoke, ionizing radiation, ultraviolet radiation, exposure to chemicals, at work and in residential settings.  A specific estimate of the attributable risk for cancer was not provided.
Other publications have addressed the attributable risks for different environmental risk factors for cancer, however, only a limited number of specific pollutants have been considered. For example, the most recent publication, which refers to the United Kingdom, only gives estimates of the attributable risks for radiation, some occupations and infections, in addition to behavioural factors (4). Similar estimates have been provided for Australia (with the peculiarity of solar radiation accounting for 6% of all cancer deaths in that continent) (5). Environmental carcinogens are much more numerous than those usually included in any estimate of the attributable risk, as Table 1 suggests. Table 1 shows human carcinogens or probable human carcinogens according to International Agency for Research on Cancer (IARC) Working Groups, encompassing occupational chemicals, drugs, behavioural exposures and environmental agents. The reasons why epidemiology is often unable to account for the whole burden of environmental carcinogens are manifold, as discussed in the next paragraph.
Methodological limitations

Exposure to environmental risk factors have potentially a great impact on public health, but for many exposures the scientific evidence is still conflicting or uncertain. This is due to several reasons: i) information on individual exposures is often sparse or cannot be ascertained easily (for example, to estimate individual exposure to polychlorinated biphenyls (PCBs) – an almost ubiquitous contaminant - we need mesurements in blood or fat); ii) cancer often arises decades after the first exposure, and we need longitudinal studies that span long latency periods; iii) single types of cancers are rare and very large populations need to be investigated in order to capture enough cases for robust analyses; and iv) except in occupational settings, people are usually exposed to low or very low levels of environmental pollutants, and in order to detect the often modest increases in cancer risk highly accurate exposure estimates are needed. In addition, causal assessment encounters difficulties, including the lack of experimental studies in humans for ethical reasons.
Air pollution is one example where the quantitative and qualitative increase of research in recent years (in particular in Europe thanks to the ESCAPE multicentric study on the chronic health effects of pollution: http://www.escapeproject.eu/) has allowed dissipating many uncertainties, showing that air pollution has numerous and important repercussions on health, in particular for cardiovascular diseases (CVD), respiratory diseases and lung cancer (6-8). Still, uncertainties remain, particularly regarding the shape of the dose-response relationships, escpecially at low levels and disentangling the effects of multiple, correlated pollutants. 
Multicausality and its implications
If we consider the current leading diseases in the world according to the Burden of Disease programme, they are not due to “necessary” causes, like most infectious diseases (e.g. Mycobacterium is necessary for TB). For example, hypertension arises as a consequence of a network of determinants including excessive salt in one’s diet and some environmental exposures. Causation of NCDs is interpreted as the effect of a constellation of exposures where none by itself is usually able to cause the disease. This model has far reaching consequences for the theories of causality. In the case of cancer, for example, it is hypothesized that several mutations, epimutations or “hallmarks of cancer” [9] are needed to complete a causal chain from exposure to disease, though the exact number of events is unknown. With exceptions (HPV and cervical cancer being the most obvious one), we do not know single necessary causes for any NCD. Another characteristic of carcinogens is that – at least for genotoxic agents – no “safe dose” has been so far demonstrated. When sufficient information was available to investigate low dose effects (for example air pollution or secondhand smoke) (10-11), the association with cancer did not show a threshold. It is interesting to note that while for lung cancer mortality, excess risk rose nearly linearly, excess risks for CVD mortality increased steeply at low exposure levels and leveled off at higher exposures (10). 

If there is currently no better alternative to the multicausality, no-threshold model for cancer, we need to develop tools that will allow us to investigate networks and pathways to lend credibility to causal chains, to allow the detection of early changes at low dose levels, and to study synergies between exposures and components of mixtures. Most environmental media, such as air, drinking water and food, contain mixtures in which only some components are likely to be toxic, but they may show non-linear interactions with each other. Also, we need to understand how early-life exposures can leave marks that may impact health outcomes after decades, like in the case of the Dutch famine and its impact later on in life (see below). We believe that the concept of the exposome and the associated technologies provide such tools, as exemplified in the Exposomics project (http://www.exposomicsproject.eu). 
The Exposome perspective

The exposome is a potential measure of the effects of life course exposures on health. It comprises the totality of exposures to which an individual is subjected from conception to death, including those resulting from environmental agents, socioeconomic conditions, lifestyle, diet, and endogenous processes (12). 
There are two broad interpretations of the exposome concept and they are complementary. One, called “top-down”, is mainly interested in identifying new causes of disease by an agnostic approach based on omic technologies, similar to what has been applied in genetics with the genome-wide association study (GWAS) design. This first approach is sometimes called exposome-wide association study (EWAS), and utilizes tools such as metabolomics or adductomics to generate new hypotheses on disease etiology. The second general approach is called “bottom-up” and starts with a set of exposures or environmental compartments to determine the pathways or networks by which such exposures lead to disease, i.e. which pathways/networks are perturbed. We have used the latter approach in the EU-funded EXPOsOMICS project (13). In this project we have selected a few priorities for research, with relevant practical implications for policy making and stakeholders: Can we consolidate our knowledge on the health effects of two important exposures, air pollution and water contaminants, reinforcing causal assessment? Can we detect variation in exposures in a finer way than with the standard tools of epidemiology? Can we detect the effects of low and very low levels of exposure using omic biomarkers? How can we exploit omic measurements to study pollutant mixtures? Can we use improved exposure assessment to calibrate estimates of risk and burden of disease?As a result, we developed methodologies for the validation of a set of five omics measured in the same subjects (for a total number of more than 2,000 individuals), and statistical tools to allow the analysis of very complex datasets. These have been summarized in a statistical “toolkit” (13). Some examples are shown below.
New avenues to research
In spite of the evidence briefly summarized above, there are a number of unanswered scientific questions concerning air pollution and cancer that are relevant to regulatory decision-making. Advances in exposure assessment, such as the use of satellite data and advanced exposure models have already facilitated large cohort studies on the long-term risks of airborne particulate matter. It is estimated that fine particulate matter (PM2.5 ) caused 4.2 million (95% CI 3.7 million to 4.8 million) deaths and 103.1 million (95% CI 90.8 million to 115.1 million) disability-adjusted life-years (DALYs) in 2015 world-wide (14). However, key unresolved issues include the fact that air pollution is a mixture, its composition varying by time and space; the composition of the pollutant mix is only very partially known, and research has mainly focused on a few target pollutants which are routinely measured (‘criteria’ pollutants such as PM and nitrous oxides (NOX)); in fact, there is potential for interaction and synergy in toxicity among different components of the mixture. In addition, there are uncertainties on the dose-response relationship; no threshold has been observed so far for the long-term effects of air pollution at current levels in Western countries (10); and there are various hypotheses about the possible mechanisms of action by which air pollution causes long-term adverse effects at current exposures.  Also, the mechanisms of action of air pollutants are likely to vary by outcome and pollutant mixture. Most mechanistic data comes from conventional in vivo and in vitro toxicology, not exposome science. 

The use of omic technologies allows the study of internal changes (e.g. in blood or urine) that further refine exposure assessment and the investigation of biological pathways whose perturbation may connect exposure to disease (13). 

The following is a list of omic technologies with a discussion of how they can contribute to the study of air pollution and health.

Genomics can be based on the systematic investigation of genetic (inherited) susceptibility to air pollution-related disease or through the study of somatic mutations induced by air pollution in cells. For example, the analysis of gene sequences in several types of cancer tissues by Alexandrov et al (15) has shown that lung cancer has a mutational pattern that strongly resembles that induced by benzo(a)pyrene in vitro, suggesting that the carcinogenicity of smoking (and possibly air pollution) could be due to the polycyclic aromatic hydrocarbon (PAH) component in tobacco smoke and ambient air. 

Epigenetics can be used to generate early indicators of response and also provide markers of exposure. DNA methylation refers to the addition of methyl groups to nucleotides. The genome has a well-established pattern of methylation; increase or decrease of the methylated sites in DNA affect gene expression and can also lead to genomic instability, and the degree of methylation is passed on to daughter strands at mitosis. DNA methylation and the associated repressed or activated transcription of genes have been implicated in carcinogenesis (for a general review see 16). A few studies have started to appear on the DNA methylation impact of air pollution. For example, we performed a study, within the Exposomics consortium, that included blood-derived DNA methylation (Illumina-HM450 methylation) for Italian and Dutch participants from the European Prospective Investigation into Cancer and Nutrition (EPIC) cohort. Long-term air pollution exposure levels, including nitrogen dioxide (NO2), NOx, PM2.5, PMcoarse, PM10, PM2.5absorbance (soot) were estimated (PM=particulate matter). Exposure to NO2 was associated with a significant global somatic hypomethylation. Hypomethylation of CpG island's shores and shelves and gene bodies was significantly associated with higher exposures to NO2 and NOx. By regressing gene expression levels against methylation levels of the exposure-related CpG sites, we identified several significant CpG-transcript pairs and highlighted 5 enriched pathways for NO2 and 9 for NOx mainly related to the immune system and its regulation (17).
Transcriptomics/gene expression can be useful to identify biological changes that mediate the effects of air pollution on cellular pathways, and to identify which specific components of a mixture are biologically active. Gene expression changes have been linked to air pollutant exposures in in vitro and animal experiments, i.e. exposure to air pollutants leads to increased or decreased expression of genes that are relevant to immune or inflammatory reactions. However, few observations have been made in humans. In an early study, Wittkopp et al. (18) performed an exploratory analysis testing whether gene expression levels were associated with air pollution exposures in a Los Angeles area cohort of elderly subjects (i.e. in a situation of low levels of exposure, on average 10-12 micrograms/m3 of PM2.5). Candidate genes were selected from published studies of gene expression linked to pollutants. The authors found positive associations of traffic-related pollutants (including PM0.25-2.5 PAH and/or PM0.25 PAH, and NOx) with the expression of several genes, but in particular of Nrf2-mediated genes, indicating the involvement of oxidative stress pathways. More recently, we have conducted a study in the context of the “Oxford Street II” randomized experiment (19). In brief, we have performed a global analysis of circulating microRNAs (miRNome) in an experimental cross-over study of a human population exposed to traffic-related air pollution. By utilizing next-generation sequencing technology and detailed real-time exposure measurements we identified 54 circulating miRNAs to be dose- and pollutant species-dependently associated with PM10, PM2.5, black carbon, ultrafine particles and NO2 already after 2 hours of exposure (19). This study showed the potential of circulating miRNAs as novel biomarkers for environmental health risk assessment.
Proteomics is useful to identify potential pathways that may be involved in a response to air pollution and are related to certain diseases such as asthma or cadiovascular disease (e.g. inflammatory markers such as cytokines).  For example, we designed a case-control study on cardiovascular disease nested in the EPIC-Italy cohort (20). We measured air pollution, a suite of inflammatory biomarkers, and whole-genome DNA methylation in blood collected up to 17 years before the diagnosis. The study sample included all the incident CVD cases among former- and never-smokers, with available stored blood sample, that arose in the cohort during the follow-up. We identified enrichment of altered DNA methylation in "ROS/Glutathione/Cytotoxic granules" and "Cytokine signaling" pathways related genes, associated with both air pollution and with CVD risk. Also, Interleukin-17 was associated with higher exposure to NO2, NOx, and CVD risk (OR = 1.79; 95% CI 1.04-3.11). Our findings indicated that chronic exposure to air pollution can lead to oxidative stress, which in turn activates a cascade of inflammatory responses mainly involving the "Cytokine signaling" pathway, leading to increased risk of CVD (20). If an intermediate marker is associated both with the exposure (retrospectively) and with the disease (prospectively), this is strong support in favour of a causal relationship, a procedure we call “meet-in-the-middle” (13). 
Adductomics is a new approach to generate exposure biomarkers. Application of adductomics to the exposome concept involves both an untargeted investigation of the internal exposome based on the measurement of complete categories of features (e.g. protein adducts), and a targeted approach based on the investigation of defined external sources of exposure. The untargeted approach can be realized by focusing on a large number of protein adducts (e.g. human serum albumin, HAS), and by analyzing hydrolysis products of albumin by MS (Mass Spectrometry). Adductomics could potentially be very useful to identify genotoxic, electrophilic components in a mixture because it has high specificity. It may also be helpful to refine dose response relationships (including the shape of the dose response curve) in cancer and other NCDs. We have performed untargeted analysis of adducts at the Cys34 locus of human serum albumin. Serum samples were obtained from nonsmoking participants in the Oxford Street Study II, including healthy subjects (n=20) and patients with COPD (n=20) or IHD (n=10). Adduct levels were essentially identical in repeated blood samples collected from the same subjects on two consecutive days. Of the 39 measured adduct features, multivariate linear regression models detected 18 significant associations with the underlying diseases or air-pollution exposures. Interestingly, 14 of the 18 associations were in the negative direction, indicating that adduct levels decreased with the presence of disease or increased pollutant concentrations (21). 
Metabolomics in plasma, serum or urine samples can be performed by several methods, including for example high resolution mass spectrometry (MS) for untargeted analyses. Metabolic features characterizing exposed groups are identified by multivariate statistics with appropriate correction for the false discovery rate (FDR), and then discriminating metabolites are identified with more targeted investigations. Metabolomics has limitations including high intra-individual variability and the fact that metabolites tend to have short half-life.  

Long-term effects of exposures: epigenetic memory

One of the conundrums of epidemiologic research is the long-term effects of certain exposures, even decades after their cessation. For example, ex-smokers still have an increased risk of lung cancer after two decades since cessation. Some epigenetic changes to DNA that affect gene transcription are at least partially reversible (i.e. they can be enzymatically reversed after cessation of exposure to environmental agents), but some epigenetic modifications seem to persist even for decades. Examples are the effect of smoking cessation on methylation of the AHRR gene, that is only partially reversible and can in fact last up to 35 years since cessation (22); and the Dutch famine, where epigenetic changes were still visible after 60 years (23). To explain the effects of early life experiences (such as famine and other exposures to stressors) on the long-term persistence of specific patterns of epigenetic modifications we proposed an analogy with immune memory (16). We argued that an epigenetic memory can be established and maintained in self-renewing stem cell compartments and that the observations on early life effects on adult diseases and the persistence of methylation changes in smokers support our hypothesis. Though methylation changes seem to be mainly adaptive, they are also implicated in the pathogenesis and onset of diseases, depending on individual genotypic background and/or types of subsequent exposures (16). 
Primary prevention

The threats of globalisation for the primary prevention of cancer

In September 2011 at the “United Nations High-level Meeting on Noncommunicable Disease Prevention and Control”, the world’s leaders committed themselves to facing up to the threatening epidemic of degenerative chronic diseases. The main concerns include the great economic and social consequences of the epidemic. Eight months later, the Assembly of the WHO set the objective of reducing the mortality rates for NCDs by 25 per cent by 2025. Known as the 25x25 strategy, it has been incorporated into the WHO plan of action for 2013-2020, which in turn lists nine national objectives. Two objectives are general: to reduce mortality from NCDs and halve the increase in obesity and diabetes. The other seven are specific: a reduction in the consumption of alcohol, salt in the diet and smoking, control of arterial pressure, an increase in physical activity, greater access to pharmacological treatment for people at a high risk of CVDs and wider access to basic technologies and essential medicines. 

The strategy is focused almost exclusively on “behavioural” risk factors typical of Western countries: tobacco, physical exercise, obesity, diet and excess salt. The identification of these priority risk factors is hard to disagree with, but there are serious limits in the 25x25 strategy (see the criticism by Pearce et al., 2014 (24)). There is evidence for the fact that prevention based on a strictly individualised approach – such as educational messages by healthcare personnel – has an overall modest impact on cancers, whereas actions at the level of the population are more effective. Examples of effective structural interventions are the reduction of smoking in several countries through tax increases, and a substantial reduction in the levels of cholesterol in Mauritius thanks to trade agreements which have allowed shifting consumption from palm oil (rich in saturated fatty acids) to soy oil for cooking (25).
In the United States, in Europe and in Canada, less than 4 per cent of public expenditure on health is for cancer prevention, in all its forms (26). In addition, there is increasing evidence that primary prevention is effectively done mainly outside the biomedical compartment, e.g. by interventions on food, transportation, city planning, housing and other structural actions. 
Inequalities in environmental exposures

The degradation of the environment and environmental exposures are not evenly distributed across space. For some exposures, such as traffic-related air pollution, exposure gradients are very steep and vary over very short distances of less than 20 m (27). For others, they change more gradually over larger distances (e.g. climate) or even countries (e.g. national policies banning smoking from public places). As a consequence, exposures to environmental hazards are unevenly distributed across nations, regions, neighbourhoods and individuals. Environmental inequalities arise if one particular group of people is at greater risk of harmful environmental exposures than others (28); in particular more vulnerable population groups such as the elderly, children, the deprived, or ethnic minorities. Wide-ranging evidence from Europe and the US has highlighted that deprived communities and ethnic minorities face higher exposures to environmental hazards, for example, from living in close proximity to industrial sites (29), waste treatment facilities including landfill sites and incinerators (30) and major transport links (31). Our recent study in England and the Netherlands suggested that although different population groups are exposed to different levels of traffic-realted air pollution, both direction and magnitude of differences vary by country and pollutant (32). While in England communities with a high percentage of ethnic minorities had on average 10µg/m3 higher NO2 levels than those with a predominately White population, this difference was less pronounced in the Netherlands with a difference of 4µg/m3 between predominately White compared to Non-White communities. These inequalities in environmental exposures are important determinants of health inequalities. It is the disadvantaged population groups who often experience pre-existing health conditions and are, therefore, more susceptible to the negative health effects of exposures (33). Forastiere et al. (2007) (34), for example, highlighted this effect modification of deprivation on the association between exposure and health outcome, showing that people of high social class are not as affected by the negative health effects of air pollution as the most deprived people. This effect modification is likely a result of different susceptibilities caused by life-long accumulation of risk factors including life-style choices and access to good quality health care (35). Understanding the role of socioeconomic deprivation and how this changes across the life-course is, therefore, crucial in addressing environmental and health inequalities (see also www.lifepathproject.eu). 
Conclusions
The experience of air pollution is particularly instructive about environmental carcinogenesis. While in the ’70 and early ’80 air pollution was considered as a relatively marginal exposure in terms of attributable risks, the most recent estimate (14) is that it accounts for 7.6% of global deaths and 4.2% of global DALYs world-wide (with East and South Asia accounting for 59% of the total). This change in appreciation has been mainly due to the refinement of exposure assessment methods and the new generation of longitudinal studies. Mechanistic evidence is rapidly increasing, thus lending credibility to epidemiological (“black box”) associations. No apparent threshold has been observed for non-communicable diseases, with, however, a possibly steeper relationship with dose for CVDs. Much less is known about other environmental contaminants, some of which are widespread and pervasive, thus suggesting the need for the same rigourous methods as those applied to air pollution. Finally, a crucial issue remains inequality across different population groups, with uneven exposure to hazards and acquired susceptibilities due to multiple concomitant exposures and poorer health status. 
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Table 1

Preventable exposures associated with human cancers, as identified by the International Agency for Research on Cancer (from ref 36)*

	Cancer site 
	Carcinogenic agents with sufficient evidence in humans 
	Agents with limited evidence in humans 

	Lip, oral cavity, and pharynx 

	Lip 
	 
	Solar radiation 

	Oral cavity 
	Alcoholic beverages; betel quid with tobacco; betel quid without tobacco; human papillomavirus type 16; tobacco, smokeless; tobacco smoking 
	Human papillomavirus type 18 

	    Salivary gland 
	X radiation, gamma radiation 
	Radioiodines, including Iodine-131 

	    Tonsil 
	Human papillomavirus type 16 
	 

	    Pharynx 
	Alcoholic beverages; betel quid with tobacco; human papillomavirus type 16; tobacco smoking 
	Asbestos (all forms); mate drinking, hot; printing processes; tobacco smoke, secondhand 

	    Nasopharynx 
	Epstein–Barr virus; formaldehyde; salted fish, Chinese style; wood dust 
	 

	    Aerodigestive tract, upper 
	Acetaldehyde associated with consumption of alcoholic beverages 
	 

	Digestive organs 

	    Esophagus 
	Acetaldehyde associated with consumption of alcoholic beverages; alcoholic beverages; betel quid with tobacco; betel quid without tobacco; tobacco, smokeless; tobacco smoking; X radiation, gamma radiation 
	Dry cleaning; mate drinking, hot; pickled vegetables (traditional Asian); rubber production industry; tetrachloroethylene 

	    Stomach 
	Helicobacter pylori ; rubber production industry; tobacco smoking; X radiation, gamma radiation  
	Asbestos (all forms); Epstein–Barr virus; lead compounds, inorganic; nitrate or nitrite (ingested) under conditions that result in endogenous nitrosation; pickled vegetables (traditional Asian); salted fish, Chinese style 

	    Colon and rectum 
	Alcoholic beverages; tobacco smoking; X radiation, gamma radiation 
	Asbestos (all forms); Schistosoma japonicum 

	Anus 
	HIV type 1; human papillomavirus type 16 
	Human papillomavirus types 18, 33 

	Liver and bile duct 
	Aflatoxins; alcoholic beverages; Clonorchis sinensis ; estrogen–progestogen contraceptives; hepatitis B virus; hepatitis C virus; Opisthorchis viverrini ; plutonium; thorium-232 and its decay products; tobacco smoking (in smokers and smokers’ children); vinyl chloride  
	Androgenic (anabolic) steroids; arsenic and inorganic arsenic compounds; betel quid without tobacco; HIV type 1; polychlorinated biphenyls; Schistosoma japonicum ; trichloroethylene; X radiation, gamma radiation  

	Gall bladder 
	Thorium-232 and its decay products 
	 

	    Pancreas 
	Tobacco, smokeless; tobacco smoking 
	Alcoholic beverages; thorium-232 and its decay products; X radiation, gamma radiation 

	    Digestive tract, unspecified 
	 
	Radioiodines, including Iodine-131 

	Respiratory organs 

	Nasal cavity and paranasal sinus 
	Isopropyl alcohol production; leather dust; nickel compounds; radium-226 and its decay products; radium-228 and its decay products; tobacco smoking; wood dust 
	Carpentry and joinery; chromium (VI) compounds; formaldehyde; textile manufacturing 

	    Larynx 
	Acid mists, strong inorganic; alcoholic beverages; asbestos (all forms); tobacco smoking 
	Human papillomavirus type 16; mate drinking, hot; rubber production industry; sulfur mustard; tobacco smoke, secondhand 

	Lung 
	Aluminum production; arsenic and inorganic arsenic compounds; asbestos (all forms); beryllium and beryllium compounds; bis(chloromethyl)ether; chloromethyl methyl ether (technical grade); cadmium and cadmium compounds; chromium (VI) compounds; coal, indoor emissions from household combustion; coal gasification; coal tar pitch; coke production; hematite mining (underground); iron and steel founding; MOPP (vincristine-prednisone-nitrogen mustard-procarbazine mixture); nickel compounds; painting; plutonium; radon-222 and its decay products; rubber production industry; silica dust, crystalline; soot; sulfur mustard; tobacco smoke, secondhand; tobacco smoking; X radiation, gamma radiation 
	Acid mists, strong inorganic; art glass, glass containers and pressed ware (manufacture of); biomass fuel (primarily wood), indoor emissions from household combustion; carbon electrode manufacture; alpha -chlorinated toluenes and benzoyl chloride (combined exposures); cobalt metal with tungsten carbide; creosotes; engine exhaust, diesel; frying, emissions from high-temperature; insecticides, nonarsenical (occupational exposures in spraying and application); printing processes; 2,3,7,8-tetrachlorodibenzo- para -dioxin; welding fumes  

	Bone, skin, and mesothelium, endothelium, and soft tissue 

	Bone 
	Plutonium; radium-224 and its decay products; radium-226 and its decay products; radium-228 and its decay products; X radiation, gamma radiation 
	Radioiodines, including Iodine-131 

	Skin (melanoma) 
	Solar radiation; ultraviolet-emitting tanning devices 
	 

	Skin (other malignant neoplasms) 
	Arsenic and inorganic arsenic compounds; azathioprine; coal tar distillation; coal tar pitch; cyclosporine; methoxsalen plus ultraviolet A; mineral oils, untreated or mildly treated; shale oils; solar radiation; soot; X radiation, gamma radiation 
	Creosotes; HIV type 1; human papillomavirus types 5 and 8 (in patients with epidermodysplasia verruciformis ); nitrogen mustard; petroleum refining (occupational exposures); ultraviolet-emitting tanning devices  

	    Mesothelium (pleura and peritoneum) 
	Asbestos (all forms); erionite; painting 
	 

	    Endothelium (Kaposi sarcoma) 
	HIV type 1; Kaposi sarcoma herpes virus 
	 

	Soft tissue 
	 
	Polychlorophenols or their sodium salts (combined exposures); radioiodines, including Iodine-131; 2,3,7,8-tetrachlorodibenzo- para -dioxin  

	Breast and female genital organs 

	    Breast 
	Alcoholic beverages; diethylstilbestrol; estrogen–progestogen contraceptives; estrogen–progestogen menopausal therapy; X radiation, gamma radiation 
	Estrogen menopausal therapy; ethylene oxide; shiftwork that involves circadian disruption; tobacco smoking 

	    Vulva 
	Human papillomavirus type 16 
	HIV type 1; human papillomavirus types 18, 33 

	    Vagina 
	Diethylstilbestrol (exposure in utero); human papillomavirus type 16 
	HIV type 1 

	    Uterine cervix 
	Diethylstilbestrol (exposure in utero); estrogen–progestogen contraceptives; HIV type 1; human papillomavirus types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59; tobacco smoking 
	Human papillomavirus types 26, 53, 66, 67, 68, 70, 73, 82; tetrachloroethylene 

	    Endometrium 
	Estrogen menopausal therapy; estrogen–progestogen menopausal therapy; tamoxifen 
	Diethylstilbestrol 

	    Ovary 
	Asbestos (all forms); estrogen menopausal therapy; tobacco smoking 
	Talc-based body powder (perineal use); X radiation, gamma radiation 

	Male genital organs 

	Penis 
	Human papillomavirus type 16 
	HIV type 1; human papillomavirus type 18 

	    Prostate 
	 
	Androgenic (anabolic) steroids; arsenic and inorganic arsenic compounds; cadmium and cadmium compounds; rubber production industry; thorium-232 and its decay products; X radiation, gamma radiation 

	    Testis 
	 
	Diethylstilbestrol (exposure in utero) 

	Urinary tract 

	    Kidney 
	Tobacco smoking; X radiation, gamma radiation 
	Arsenic and inorganic arsenic compounds; cadmium and cadmium compounds; printing processes 

	Renal pelvis and ureter 
	Aristolochic acid, plants containing; phenacetin; phenacetin, analgesic mixtures containing; tobacco smoking 
	Aristolochic acid 

	    Urinary bladder 
	Aluminum production; 4-aminobiphenyl; arsenic and inorganic arsenic compounds; auramine production; benzidine; chlornaphazine; cyclophosphamide; magenta production; 2-naphthylamine; painting; rubber production industry; Schistosoma haematobium ; tobacco smoking; ortho -toluidine; X radiation, gamma radiation  
	4-Chloro- ortho -toluidine; coal tar pitch; coffee; dry cleaning; engine exhaust, diesel; hairdressers and barbers (occupational exposure); printing processes; soot; textile manufacturing  

	Eye, brain, and central nervous system 

	Eye 
	HIV type 1; ultraviolet-emitting tanning devices; welding 
	Solar radiation 

	Brain and central nervous system 
	X radiation, gamma radiation 
	 

	Endocrine glands 

	    Thyroid 
	Radioiodines, including Iodine-131; X radiation, gamma radiation 
	 

	Lymphoid, hematopoietic, and related tissue 

	Leukemia and/or lymphoma 
	Azathioprine; benzene; busulfan; 1,3-butadiene; chlorambucil; cyclophosphamide; cyclosporine; Epstein–Barr virus; etoposide with cisplatin and bleomycin; fission products, including strontium-90; formaldehyde; Helicobacter pylori ; hepatitis C virus; HIV type 1; human T-cell lymphotropic virus type 1; Kaposi sarcoma herpes virus; melphalan; MOPP (vincristine-prednisone-nitrogen mustard-procarbazine mixture); phosphorus-32; rubber production industry; semustine (methyl-CCNU); thiotepa; thorium-232 and its decay products; tobacco smoking; treosulfan; X radiation, gamma radiation  
	Bischloroethyl nitrosourea (BCNU); chloramphenicol; ethylene oxide; etoposide; hepatitis B virus; magnetic fields, extremely low frequency (childhood leukemia); mitoxantrone; nitrogen mustard; painting (childhood leukemia from maternal exposure); petroleum refining (occupational exposures); polychlorophenols or their sodium salts (combined exposures); radioiodines, including Iodine-131; radon-222 and its decay products; styrene; teniposide; tetrachloroethylene; trichloroethylene; 2,3,7,8-tetrachlorodibenzo- para -dioxin; tobacco smoking (childhood leukemia insmokers’ children)  

	Multiple or unspecified sites 

	    Multiple sites (unspecified) 
	Cyclosporine; fission products, including strontium-90; X radiation, gamma radiation (exposure in utero) 
	Chlorophenoxy herbicides; plutonium 

	All cancer sites (combined) 
	2,3,7,8-Tetrachlorodibenzo- para -dioxin  
	 


This table does not include factors not covered in the IARC Monographs, notably genetic traits, reproductive status, and some nutritional factors.
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