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Abstract

The burden of cancer from a clinical, societal, and economic viewpoint continues to increase in all parts of the world, along
with much debate regarding how to confront this. Projected increases in cancer indicate a 50% increase in the number of
cases over the next 2 decades, with the greatest proportional increase in low- and medium-income settings. In contrast to
the historic high cancer burden due to viral and bacterial infections in these regions, future increases are expected to be due
to cancers linked to westernization including breast, colorectum, lung, and prostate cancer. Identifying the reasons underly-
ing these increases will be paramount to informing prevention efforts. Evidence from epidemiological and laboratory studies
conducted in high-income countries over the last 70 years has led to the conclusion that approximately 40% of the cancer bur-
den is explained by known risk factors—the 2 most important being tobacco and obesity in that order—raising the question
of what is driving the rest of the cancer burden. International cancer statistics continue to show that approximately 80% of
the cancer burden in high-income countries could be preventable in principle, implying that there are important environ-
mental or lifestyle risk factors for cancer that have not yet been discovered. Emerging genomic evidence from population and
experimental studies points to an important role for nonmutagenic promoters in driving cancer incidence rates. New re-
search strategies and infrastructures that combine population-based and laboratory research at a global level are required to
break this deadlock.

There were 19 million cancer cases and 10 million cancer deaths
worldwide in 2020 (1). More than half can be attributed to 6 can-
cer sites: breast, lung, colorectal, prostate, stomach, and liver
cancer. These also comprise more than half of all cancer deaths,
although others, including pancreatic and esophageal cancer,
also result in a disproportionate number of cancer deaths be-
cause of their high case-fatality rate (1). A striking geographical
pattern in cancer incidence rates continues to be found between
populations. Every cancer type that is common in some popula-
tion is rare in another, with the difference often being tenfold or
more. These differences can occur over relatively small geo-
graphical distances, such as esophageal cancer within Northern
Iran, central China, or East Africa (2).

In most instances, undercounting or missed diagnoses are un-
likely to fully explain this phenomenon thanks to reasonably ro-
bust estimates from population-based cancer registries (3).
Similarly, rapid changes in age-standardized cancer incidence

over time rule out a genetic explanation, as do migrant studies,
whereby migrants take on the incidence rate of their new found
home within 1 or 2 generations (4). Instead, these large popula-
tion differences imply that there are tangible (but often unknown)
causes for each of these common cancer types. By identifying the
specific causes, these could become the target for prevention.

Highlighting the potential for prevention is important given
that the cancer burden is destined to increase globally. The can-
cer burden of 19 million new cases in 2020 is expected to in-
crease to approximately 25 million by 2032 (5) and more than 30
million by 2040 (Figure 1). These numbers take into account the
future growth and aging of populations worldwide and assume
that age-specific incidence rates will remain constant. The ris-
ing cancer burden places increasing pressure on health systems
worldwide, most markedly in low- and middle-income coun-
tries (LMIC) where the relative increase is greater and the capac-
ity for cancer care is already overstretched (6).
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Faced with this challenge, the strategic options for reducing
this cancer burden fall broadly into 1 of 3 categories: 1) reducing
the occurrence of new cases (primary prevention), 2) identifying
new cases earlier (secondary prevention), and 3) improving
cancer care and cancer survival (tertiary prevention). Based
on resources allocated, the emphasis of the cancer community
including those who fund cancer research is to develop a
greater knowledge of the biology of cancer and translation of
this knowledge into treatments (7). This funding is in addition
to large investments made by the pharmaceutical industry.
Accurate breakdowns of cancer funding by area of research
are limited, although globally, cancer prevention research is
estimated to receive just between 2% and 9% of total cancer
research funding (8). Participation in any large global cancer
meeting would leave little doubt about the relatively low prior-
ity given to cancer prevention as opposed to new treatments or
biological breakthroughs.

In defense of this strategy, the scientific progress in our un-
derstanding of cancer biology has been phenomenal.
International genome-sequencing efforts have resulted in a
comprehensive characterization of driver genes and somatic
mutations for all common forms of cancer, and many rare ones
(9), and our understanding of the role of epigenetics and the im-
mune system in cancer has led to some remarkable discoveries
(10). Yet, although progress in translation to the clinic has been
made, it has been stuttering and limited (11). Most approved tar-
geted or immune therapies do not result in cure but instead in
an extended remission period that may often be measured in
months, with a financial cost that is placing extreme pressures
on health budgets in high-income settings, and is simply pro-
hibitive elsewhere (12). Put simply, a strategy based primarily
around treatment does not form a coherent response to the cur-
rent global cancer burden, and a more comprehensive approach
is required, involving prevention of cancer where possible, early
detection when feasible, and appropriate and cost-effective
treatment and care for all.

The Percentage of Cancer That Is Preventable,
Both in Practice and in Theory

There is genuine confusion about the proportion of the global
cancer burden that is preventable, both in practice and in theory
(13). In particular, what proportion is attributable to the envi-
ronment or lifestyle of a population (including infectious
agents), what proportion to genetic inheritance, and what pro-
portion to [bad] luck? An appreciation of this problem is impor-
tant as any rational division of resources should take into
account whether funding allocated to prevention is likely to
have an impact on future disease morbidity and mortality. If, as
has been argued, the role of primary prevention is limited be-
yond what we already know, then greater resources should be
spent on detecting cancer at earlier and more treatable stages
(14). However, if it is apparent that there are important causes
that remain to be detected, then future research should clearly
be targeted at uncovering these.

Prevention in Practice

Recent evaluations in the United Kingdom, Canada, Australia,
Ireland, France, and the United States have come to a similar
conclusion that approximately 30%-40% of the cancer burden in
these countries can be linked to known risk factors that are
largely modifiable. Specifically, it has been estimated that ap-
proximately 37% of new cancer cases in the United Kingdom,
41% in Canada and France, 32% in Australia, and 42% in the
United States were attributable to potentially modifiable risk
factors (15–19). Any difference in the estimates is because of
prevalence of known risk factors, as well as slightly different
methodological approaches (20). Independent effects from non-
modifiable risk factors such as age at menarche and menopause
may also contribute to the cancer burden.

When broken down by exposure, more than half of this
known cancer burden is due to 2 prominent risk factors—tobacco

Figure 1. Cancer burden in low, medium, and high human development index (HDI) regions and percent increase in burden projected over the next 10 years. Solid

circles represent 2030 projected data (in millions of cases), and empty circles represent actual 2020 data.

C
O

M
M

EN
T

A
R

Y

354 | JNCI J Natl Cancer Inst, 2022, Vol. 114, No. 3



and overweight. For example, in the United Kingdom in 2015,
15% of all cancers could be attributed to smoking and 6.3% to
overweight and obesity (15). In a similar exercise conducted for
2010, tobacco was responsible for 19.4% and overweight for 5.5%,
reflecting the changing prevalence of these risk factors over just
5 years (21). These estimates are an overview and will differ by
characteristics such as age, sex, and background exposures. For
example, among smokers in the United Kingdom, approximately
50% of all cancer are attributable to known causes, with smoking
explaining about one-third of the cancer burden in this group.
Among never smokers however, only about one-quarter of all
cases can be attributed to known risk factors (Table 1).

Implementing what is already known has an enormous po-
tential to reduce cancer risk at the population level (22).
Workplace carcinogens were among some of the first to be iden-
tified, leading to substantial control measures that greatly re-
duced the burden of occupational cancers, at least in high-
income countries (23). Tobacco control measures at local and
national levels have also led to sharply decreasing incidence
rates for lung and other tobacco-related cancers, and public ad-
vice measures on sunlight exposure have had a beneficial effect
on rates of melanoma (24). Hepatitis B vaccination programs
have an important impact against liver cancers in high-risk set-
tings, and human papillomavirus vaccination offers the possi-
bility of making cervical cancer a rare disease (25).

Prevention in Theory

If approximately 40% of cancer could be prevented in high-
income populations, what is causing the other 60%? A small
amount is likely to be due to inherited genetic susceptibility
that predisposes to a high risk of specific cancers (26). Although
this contribution is difficult to measure because of limited data
from multiple populations, it is likely to be no more than ap-
proximately 5% in most populations (26).

That some part of the cancer burden may simply be due to bad
luck or be inherently stochastic is implicit in the multistage model
of carcinogenesis, as initially proposed in 1954 (27). As Sir Richard

Doll remarked in a recent commentary on this classic paper,
“whether an exposed subject does or does not develop a cancer is
largely a matter of luck: bad luck if the several necessary changes
all occur in the same stem cell when there are several thousand
such cells at risk, good luck if they don’t” (28). A recent analysis in-
corporating stem cell turnover rates in various tissues argued that
50%-60% of the cancer burden was primarily due to chance (14),
suggesting that important additional risk factors for cancer were
unlikely to be discovered. This much publicized paper, and a sub-
sequent follow-up (29), led to several competing analyses of simi-
lar or augmented datasets [eg, (30)] and commentaries attempting
to frame the debate within the broader historical context of cancer
epidemiology (31). In a comprehensive recent review of the debate
from a philosophy of science perspective, Anya Plutynski (32) illus-
trates how the framing of the questions being asked and the
meaning ascribed to fundamental notions such as the nature of
chance do not allow for definitive resolution.

A pragmatic approach to estimating the cancer burden that
is preventable in principle was initially proposed by Sir Richard
Doll in 1977 (33) and with Sir Richard Peto (34) in their landmark
work on the causes of cancer in 1981. The approach assumes a
background rate of any particular cancer site that is not caused
by lifestyle or environmental effects or hereditary effects. This
rate must, by definition, be operable in all populations. If a par-
ticular cancer is predominantly driven by random sporadic
mutations, then one would expect that the incidence of that
cancer, after adjusting for age and sex, will not differ substan-
tially between populations, apart from fluctuations because of
small numbers. In this situation, our best estimate of the back-
ground rate of any cancer will be the lowest rate observed in
any population, assuming that the population is large enough
to provide an accurate measure of the rate and that it has a reli-
able cancer registry.

An indication of the quality of any cancer registry is inclu-
sion in the International Agency for Research on Cancer (IARC)
Cancer Incidence in Five Continents, currently in its 11th edition
with data from 343 cancer registries (3). Of these, some could be
judged small (ie, based on a population of less than 1 000 000),

Table 1. Population attributable fraction (PAF) and number of cases attributable to known carcinogenic exposures, overall and separately for
ever smokers and never smokers, applied to the UK populationa

Exposure

UK population
(359 547 cancer cases)

Ever smokers
(169 210 cancer cases)

Never smokers
(190 337 cancer cases)

PAF Attributable cases PAF Attributable cases PAF Attributable cases

Smoking 15.1 54 271 32.07 54 271 0 0
Overweight/obesity 6.3 22 761 6.3 10 712 6.3 12 049
Ultraviolet radiation 3.8 13 604 3.8 6402 3.8 7202
Occupation 3.8 13 558 3.8 6381 3.8 7177
Infections 3.6 13 086 3.6 6159 3.6 6927
Alcohol 3.3 11 894 3.3 5598 3.3 6296
Insufficient fiber 3.3 11 693 3.3 5503 3.3 6190
Ionizing radiation 1.9 6954 1.9 3273 1.9 3681
Processed meat 1.5 5352 1.5 2519 1.5 2833
Air pollution 1.0 3591 1.0 1690 1.0 1901
Not breastfeeding 0.7 2582 0.7 1215 0.7 1367
Insufficient physical activity 0.5 1917 0.5 902 0.5 1015
Postmenopausal hormones 0.4 1371 0.4 645 0.4 726
Oral contraceptives 0.2 807 0.2 380 0.2 427
All of the above 37.7 135 507 50.1 84 851 26.6 50 647

aPAF estimates are from Brown et al. (15). These estimates assume an absence of interaction between tobacco and other carcinogenic exposures. This is likely to be a

simplification, especially for the role of alcohol and head and neck cancers. Also, PAF estimates do not include potential cancers prevented by exposures (eg, oral con-

traceptive use and endometrial or ovarian cancer).
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leaving 325 large cancer registries in 65 countries. One can
adopt a conservative measure of the background rate due to
chance for each cancer site by using cancer rates at the bottom
fifth percentile among all these 325 cancer registries (Table 2).
Using this rate as a background, one can obtain an estimate of
the proportion of cancers that are preventable in principle
within any country, for men and women separately, by compar-
ing it to these lowest rates seen elsewhere in the world.

Using UK cancer incidence rates as an example, this exercise
provides a background rate of 52.2 per 100 000 in men and 58.7
per 100 000 in women, resulting in approximately 17% of cancers
among men and 22% of cancers among women being attributed
to this background, “chance” rate. Even these numbers are likely
to be an overestimate. For example, the rate for lung cancer
among men (9.5 per 100 000) is likely to be partially driven by
smoking, as rates in never smokers are known to be about 4 per
100 000 (similar to the rate observed among women). These esti-
mates do, however, indicate that approximately 80% of the cancer
burden in a high-income country such as the United Kingdom is
likely to be due to environmental or lifestyle exposures, both
known and unknown, a result remarkably similar to the analysis
published 40 years ago by Doll and Peto (34) using cancer inci-
dence data from the Connecticut cancer registry from 1968 to
1972. Furthermore, given that we can account for approximately
40% of the cancer burden in the United Kingdom, these results in-
dicate that approximately an additional 40% of the cancer burden
in the United Kingdom remains, in principle, to be elucidated.

For cancers where the greatest differential is observed, cancer
registries around the bottom fifth percentile are typically from
LMIC countries, although not necessarily populations of extreme
poverty or rural lifestyle by contemporary standards, even if the
situation 40-50 years ago may have been different. For example,
the bottom fifth percentile for rectal cancer among men is found
in Pasto, Colombia; for pancreatic cancer, it is Songkhla, Thailand;
and for renal cancer, it is Shexian County, China. Although it is
impractical to suggest that if high-income countries could mirror

the socioeconomic characteristics of these populations, then low
cancer rates would follow, understanding the underlying causes
between these differentials, be they related to modifiable lifestyle
factors or more ubiquitous population-level exposures, could lead
to strategies for important cancer reductions.

Where Are the Missing Causes of Cancer?

The gaps in our knowledge on the causes for most cancers that
are not predominantly due to tobacco or known infections pose a
major challenge for cancer prevention. Large cohort studies of
hundreds of thousands of individuals have not provided conclu-
sive evidence for important dietary effects on multiple cancers,
with some exceptions such as processed meat (35), and the idea
that specific nutrients or food types are driving cancer incidence
rates has lost ground.

It is possible that we have underestimated the magnitude of
some known causes, given that estimates of their effect may be
unreliable or poorly measured. For example, it took more than
50 years of research for the impact of tobacco on multiple cancers
to be fully understood, and this is for an exposure that is relatively
easy to measure over the life course (36). The role of obesity may
be undergoing a similar reevaluation. Obesity is typically measured
by body mass index that has important limitations including its in-
ability to differentiate between muscle mass and fat. A one-off
measure is also unlikely to characterize obesity at different ages. If
obesity over the life course is the more relevant risk factor, then
the estimated cancer burden of 6.3% in the United Kingdom associ-
ated with overweight and obesity may represent an important un-
derestimate. Recent genetic analyses based on a Mendelian
randomization approach provide evidence that this is the case,
with the risk when using genetic markers of obesity estimated to
be about twice as high for several cancers as opposed to a one-off
measure of obesity (37). Genetic data also indicate that overweight
and obesity may be contributing to other cancers not thought to be
linked to overweight, including lung cancer (38), possibly because

Table 2. Comparison of UK age-adjusted site-specific incidence rates per 100 000 with those from the bottom fifth percentile, among cancer
registries included in Cancer Incidence in Five Continents by Bray et al. (3) and based on a population of at least 1 000 000

Men Women

Cancer site

Worldwide bottom fifth
percentile incidence rate

per 100 000

UK age-adjusted
incidence rate per

100 000 Cancer site

Worldwide bottom fifth
percentile incidence rate

per 100 000

UK age-adjusted
incidence rate per

100 000

Lunga 9.53 38.6 Breast 19.12 87.4
Stomach 4.36 7.6 Lunga 3.81 27.3
Rectum 3.77 15.5 Cervix uteri 3.78 7.7
Colon 3.64 22.8 Ovary 3.54 10.4
Non-Hodgkin

lymphoma
3.26 12.4 Colon 2.88 16.9

Liver 3.03 5 Rectum 2.73 7.9
Bladder 2.63 12.7 Corpus uteri 2.57 13.7
Brain, nervous system 2.27 6.4 Thyroid 2.15 4.6
Prostate 2.25 70.9 Non-Hodgkin lymphoma 2.04 9
Pancreas 1.85 7.3 Stomach 2.02 3.2
Esophagus 1.45 9.8 Brain, nervous system 1.76 4.3
Larynx 1.44 3.6 Pancreas 1.18 5.7
Kidney 1.27 9.8 Liver 1.17 2.2
Myeloid leukemia 1.23 4.2 Myeloid leukemia 1.09 3
Gallbladder, and biliary

tract
1.03 1.2 Gallbladder, and biliary

tract
0.99 1.3

All sites except C44 52.2 295.1 All sites except C44 58.7 263.5

aIncluding trachea and bronchus. C44¼other malignant neoplasms of skin.
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of the behavior-modifying effect that obesity has on cigarette
smoking (39). Overall, these results suggest that overweight and
obesity may in fact be comparable to tobacco smoking in terms of
new cases of cancer that are caused each year in a country such as
the United Kingdom. A broader understanding of metabolic health
beyond the role of obesity, including positive effects of physical ac-
tivity and the negative effects of diabetes and insulin resistance,
may also help clarify important causes of cancer that are currently
underappreciated. Inaccurate measurement over the life course of
other known causes in Table 1, including physical activity, occupa-
tional exposures, dietary fiber, and air pollution, will similarly re-
sult in an underestimation of their contribution to the overall
cancer burden. The possibility that infectious agents may account
for additional cancers also needs continued investigation (40).

Much concern has been raised about the possible carcinogenic
effect of environmental factors occurring at low levels although
in a ubiquitous fashion across populations. Examples include nu-
tritional contaminants such as pesticides, low-level electromag-
netic radiation, or water pollutants such as trihalomethanes or
per- and polyfluoroalkyl substances (41,42). Accurate measure-
ments over the life course is challenging for such exposures. For
example, air pollution was classified by the IARC Monographs
program in 2013 as a group 1 carcinogen (43) and has been esti-
mated to account for approximately 1% of the overall cancer bur-
den (15). There is, however, much uncertainty around this
estimate. Similarly, radon is a recognized cause of lung cancer, in
particular among never smokers, although evaluating the disease
burden is challenging (44). Furthermore, approximately 50 sub-
stances at workplaces have been classified as carcinogenic to
humans by the IARC Monographs Program (23), with many of
these also occurring in the natural environment or through in-
dustrial waste disposal, but at much lower exposure levels. The
cancer research community has been less successful at identify-
ing important effects for such environmental carcinogens. This
may be because such effects are modest and unlikely to be driv-
ing an important part of the cancer burden. It could also be be-
cause many environmental exposures are extremely difficult to
measure (45). Furthermore, epidemiological studies are poor at
studying ubiquitous effects that we are all exposed to. For exam-
ple, if every adult in a population smoked 20 cigarettes a day,
then the disease burden from this habit would be immense, but a
standard epidemiological study would be unsuccessful in shining
any light on this link (31). This illustrates the limits of epidemiol-
ogy focused on individual exposures and the need for alternative
complementary lines of evidence for carcinogen identification
and assessment. Formal triangulation of evidence across different
domains—all of which may yield biased findings, but where
biases would be unrelated across the various approaches—is one
approach that could assist causal inference (46,47).

What Strategies Are Likely to Help Identify
Additional Causes of Cancer?

Develop National Infrastructures, Increase Their
Accessibility, and Incorporate New Technologies

Most epidemiological findings are based on population-based
studies supported by laboratory investigations, and emerging
study designs and methodologies are likely to provide addi-
tional and complementary lines of evidence for cancer causa-
tion. Many of these studies rely on the recruitment and follow-
up of hundreds of thousands of individuals, with extensive col-
lection of biological samples at baseline, and subsequent

clinical follow-up. An example of a mature cohort that has en-
abled hundreds of collaborations is the European Prospective
Investigation into Cancer (EPIC) that includes data on more
than 500 000 individuals recruited in the 1990s, with a major fo-
cus on the role of nutrition and lifestyle effects on cancer (48).
Another example is the UK Biobank, which has been revolution-
ary in the scope: 500 000 individuals with extensive baseline,
demographic, clinical, and biological data, as well as compre-
hensive follow-up (49). By making this an open access resource
to the academic community, it has stimulated a new generation
of researchers to investigate links between a broad range of
chronic diseases and lifestyle and genetic risk factors.

Beyond the size and accessibility of the UK Biobank, key to
its success and utility is the availability of genetic data on all
participants. Along with other similar studies with genetic data,
this is allowing for a more complete understanding of the ge-
netic architecture of many traits and exposures that are difficult
to measure in a conventional observational setting. Using these
genetic measures rather than the exposures themselves is pro-
viding some surprising results for both novel and established
cancer risk factors. This is called a Mendelian randomization
(MR) analysis (50,51), and results from such studies are likely to
have an increasingly prominent role in assessing causality of
nongenetic exposures. For example, MR studies of alcohol con-
sumption and esophageal cancer were instrumental in identify-
ing acetaldehyde as a group 1 carcinogen by the IARC
Monographs (52,53) and helped dispel myths about the sup-
posed protective effects of moderate alcohol consumption and
cardiovascular disease. MR studies are providing evidence for
the causal effects of a range of metabolic features across multi-
ple cancers. For example, studies of colorectal cancer have iden-
tified effects for hyperlipidemia and fatty acid profile and
provided negative evidence for vitamin D (54). Studies on fasting
insulin levels highlight potential causal effects for both renal
and pancreatic cancers (55,56). Technological advances that al-
low metabolomic and proteomic analysis of many thousands of
proteins and metabolites are destined to provide information
on cancer pathways, and the combination of genetic, proteomic,
and metabolomic data will offer additional strategies to identify
protein and metabolite markers for cancer that are potentially
causal and even druggable (57). MR could also usefully inform
which factors to investigate through expensive long-term ran-
domized controlled trials. For example, we suspect that if MR
findings had been available, investment may not have been
made in a large-scale selenium supplementation trial (based on
conventional observational epidemiological findings) aimed at
reducing prostate cancer risk (58).

There are, however, important limitations and threats to ob-
servational cancer epidemiology. A major limitation is the lack
of diversity in large population cohorts in many parts of the
world including South America, Africa, and South Asia. Recent
cohorts in Iran, Pakistan, and South Africa are notable excep-
tions (59). There are also major threats and impediments to un-
dertake observational epidemiology across international
borders. Recent years have seen a steady progression in the ad-
ministrative and legal workload that is required before a data-
base or biological sample can be shared between study
partners. This is often out of all proportion to the potential risk
associated with any inadvertent sharing of data and certainly
with respect to the lack of concrete examples of inappropriate
use of samples or data, or negative consequences from unau-
thorized release of data or identification of individuals. Perhaps
the most singular example is the encroachment of recent
European Union–wide rules related to General Data Protection
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Regulation (60) and the negative effect they are having on the
potential for European and international research groups to
conduct common research projects.

Looking in the Genome—Mutational Signatures

The first 2 cancer genomes were reported in 2009 for lung can-
cer and melanoma and highlighted the potential for specific
causes of cancer to leave their mutational fingerprint or signa-
ture in the tumor (61,62). Subsequently, large international can-
cer sequencing efforts such as The Cancer Genome Atlas and
the International Cancer Genome Consortium were undertaken
at substantial public expense with a primary aim being to iden-
tify cancer genes and somatic mutations that may provide tar-
gets for therapy. An additional and extremely beneficial
outcome has been the identification of multiple mutational sig-
natures that can be linked to the underlying causes of a cancer,
including both exogenous and endogenous factors. The most re-
cent compendium of mutational signatures includes 60 signa-
tures based on single-base or double-base mutations and a
further 17 based on specific structural alterations (63). Examples
include signatures for varied exposures such as tobacco smok-
ing, ultraviolet (UV) light, and aflatoxin. Such studies can help
identify potential carcinogens that were not previously sus-
pected. For example, the International Cancer Genome
Consortium study of renal cancer in Europe identified a signa-
ture in cases specific for aristolochic acid, a potent carcinogen
known to cause upper urothelial tract cancers in parts of East
Asia because of the consumption of traditional herbal remedies
(64). The exposure to aristolochic acid was subsequently con-
firmed in studies of normal tissue, although the source of the
exposure is still unclear (65). This signature has been detected
in a range of other cancers including bladder cancer (66) and
liver cancer (67). Another example is the presence of a signature
related to UV light among children with B-cell acute lympho-
blastic leukemia, suggesting a potential role for UV light in the
etiology of these cancers (68). These findings are supported by
traditional epidemiological evidence (69). These studies have
led to large-scale initiatives that seek to understand novel
causes of cancer by revealing mutational signatures through
whole-genome sequencing. In particular, the Cancer Research
UK Grand Challenge Mutographs project aims to include 5000
individuals across multiple cancer sites (https://www.muto-
graphs.org/). The first results, including 557 whole genomes of
squamous esophageal cancer from diverse high-risk popula-
tions such as Iran, East Africa, China, Japan, and Brazil, showed
a remarkable similarity in the mutational signatures between
these genomes, with no specific mutational signature linked to
known or suspected risk factors such as consumption of hot
drinks. These results point to the importance of nonmutational
processes in cancer development (70).

Studies of the mutational landscape of normal tissue have il-
lustrated the unexpected frequency of clonal expansion of cells
with high levels of gene mutations normally associated with
cancer development. For example, sequencing of normal skin
cells identified a mutation burden similar to many skin cancers,
including signatures for UV light exposure with more than 30%
of cells containing driver mutations (71). Similarly, normal cells
from the lung of smokers have been found to have a high rate of
mutations, similar to the mutation profile of lung cancers,
whereas those of ex-smokers appear to have a much reduced
mutation profile, suggesting that normal lung tissue can repo-
pulate epithelial tissue with cells lacking mutations upon smok-
ing cessation (72). Driver mutations have also been detected in

up to 50% of normal cells from the esophagus (73) but only
about 1% of cells from the colon (74). These results are challeng-
ing and argue against the model of cancer development result-
ing from a simple accumulation of driver mutations that arise
because of mutagenic exposures. Animal-based studies of
known or suspected carcinogens reveal that most of them do
not generate distinct mutational signatures and do not increase
the overall tumor burden. These results suggest that most carci-
nogens do not act as mutagens and that mutations arise from
tissue-specific endogenous processes (75). This raises the ques-
tion of how most carcinogens induce cancers, if they are not
mutagenic (76). An alternative is that nonmutagenic-promoting
agents are the rate limiting steps for the development of most
cancers, with these promoter events occurring via either endog-
enous or exogenous sources (77), perhaps mediated by the com-
position and selective activity of tissue microenvironments
(78,79). If true, it would suggest a need for better detection of en-
vironmental carcinogens that act as promoters as opposed to
direct mutagens. It would also imply an important need to un-
derstand the processes by which tumor promotion works and
whether screening of compounds for tumor promotion activity
is in fact feasible.

In summary, the increasing cancer burden that is destined
to occur in all parts of the world calls for an increased focus on
identifying the causes of cancer and subsequent implementa-
tion of this knowledge into cancer prevention. The economic
costs of cancer care as well as the effect of lost economic pro-
ductivity can be measured in trillions of US dollars and, al-
though most apparent in LMICs, are likely to be unsustainable
even in high-income countries. As has been said before, we will
not be able to treat our way out of this cancer problem (80), and
progress in our knowledge of preventable causes of cancer will
require ambitious investment in large population-based studies
and biorepositories, coupled with appropriate cancer genomics
and laboratory studies. All countries in the world are faced with
this challenge, calling for an increased level of international col-
laboration and pooling of talent and resources.
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