
Globally, cancer is the leading cause of death in devel-
oped countries and the second leading cause of death 
in developing countries, where the cancer burden is 
rising. Estimates for 2008 pointed to 12.7 million can-
cer cases and 7.6 million cancer deaths worldwide1,2. 
Despite improvements in the treatment of various 
common cancers, a large cancer burden remains, pro-
viding a growing incentive to address this problem by 
a preventive approach. Although eliminating exposure 
to carcinogens, such as tobacco, is a well-established 
approach to prevention, active intervention with 
agents that are expected to reduce the risk of cancer is 
becoming increasingly accepted3,4.

Carcinogenesis: opportunities for prevention
Common, adult, epithelial cancers represent the final 
step in a multi-year progression from normal tissue, 
through increasingly abnormal-looking stages of pre-
malignancy to invasion of the basement membrane, 
which constitutes overt cancer. Once a histological 
boundary has been penetrated, invasive cancer has the 
potential to metastasize, and metastases generally lead 
to cancer-related mortality.

The evolution of these adult malignancies involves 
the gradual accumulation of genetic and epigenetic 
cancer-promoting changes (FIG.  1). The affected 
genes, oncogenes, as well as tumour suppressor 
genes, are mutated in a manner that subverts their 
normal function, thereby contributing to the multi-
ple processes that are considered to be the hallmarks 
of cancer5,6. Additional modifications, such as epi-
genetic silencing of tumour suppressor genes also 
contribute to the relentless progression to invasive 

cancer, as can aspects of the immune response, such 
as immunoediting7.

The physiological goal of cancer prevention is to inter-
cept these processes in order to inhibit progression to the 
invasive stage (FIG. 2). An understanding of the accumu-
lating genetic and other molecular alterations that char-
acterize progressively advanced, pre-malignant lesions 
will offer targets for putative, preventive interventions. 
Protracted carcinogenic progression also lends itself to 
the screening of high-risk individuals without clinically 
evident cancer (BOX 1). Screening identifies not only 
early stage invasive cancers that are expected to be more 
amenable to cure, but also pre-malignancies that can be 
removed and thus prevented from progressing to inva-
sive lesions. Finally, precancerous lesions often spontane-
ously regress, presumably in response to innate immune 
mechanisms. This endogenous behaviour suggests that 
exogenously administered immunological interven-
tions should be effective in eliminating pre-cancers. 
In fact, prophylactic vaccines against cancer-causing 
infectious agents are highly effective in eliminating the 
causative agent for cancer initiation. Other immune 
response modulators might also have a role in cancer 
prevention.

The precancerous lesion itself is not the only mani-
festation of the process of carcinogenesis. The micro
environment encasing and interspersed with a lesion 
often undergoes changes that actively contribute to 
carcinogenesis. Precancerous changes in the micro-
environment can be included in the larger category 
of field effects8,9: those generalized tissue changes 
that provide a crucial backdrop against which a given 
lesion will develop. Therefore, relevant changes in the 
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Abstract | Prevention of cancer remains the most promising strategy for reducing both its 
incidence and the mortality due to this disease. For more than four decades, findings from 
epidemiology, basic research and clinical trials have informed the development of lifestyle 
and medical approaches to cancer prevention. These include selective oestrogen receptor 
modulators and aromatase inhibitors for breast cancer, the 5‑α-reductase inhibitors 
finasteride and dutasteride for prostate cancer, and the development of vaccines for viruses 
that are associated with specific cancers. Future directions include genetic, proteomic and 
other molecular approaches for identifying pathways that are associated with cancer 
initiation and development, as well as refining the search for immunologically modifiable 
causes of cancer.
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Biologically active food 
components
(BFCs). Found in foods or 
nutrients; responsible for 
increasing or decreasing the 
risk of cancer.

microenvironment can be used as biomarkers for early 
detection and treatment, as well as serving as targets 
for chemopreventive and immunopreventive interven-
tions8,10. Examples of microenvironment modifications 
that contribute to carcinogenesis include increased 
angiogenesis10, as well as inflammatory and immuno
logical changes. Notably, increased mammographic 
density, a frequently cited risk factor for breast cancer, is 
actually an imaging manifestation of microenvironment 
changes in stromal and epithelial tissue11.

Lifestyle modifications in cancer prevention
Lifestyle modifications offer an important strategy for 
cancer prevention. Evidence that has accumulated since 
the 1980s strongly suggests that better dietary choices, 
increasing physical activity, maintaining a healthy 
weight, stopping (or not starting) the use of tobacco, 
moderating alcohol intake and other lifestyle factors 
can reduce cancer risk12,13. However, a change in only 
one lifestyle factor is unlikely to reduce the risk of can-
cer or other diseases. The exception is stopping tobacco 
use, which decreases the risk of several diseases, includ-
ing cardiovascular, lung and kidney diseases, as well 
as cancer.

Tobacco. Taking into account all smoking-related dis-
eases, tobacco use is responsible for more than 400,000 
deaths in the United States each year. Although 
tobacco use has decreased in the United States, use is 
increasing in many countries in the developing world, 
and the focus of tobacco control measures needs to 
be concentrated in those countries. Tobacco control 

programmes in such countries have been successful 
in raising awareness of the dangers of tobacco use; 
however, initiatives will need to be adapted for imple-
mentation in developing countries owing to differ-
ences in cultural and societal norms between different 
countries14.

Nutrition and diet. Considerable progress has been 
made in the past four decades regarding our under-
standing of the association between diet and cancer13,15,16. 
The study of diet and cancer has been separated into 
studies investigating dietary patterns, specific foods and 
biologically active food components (BFCs). Large popula-
tion studies have revealed associations between certain 
dietary patterns and cancer risk, thus setting the stage 
for nutritional intervention programmes that encourage 
healthier diets and clinical trials that include cancer risk 
reduction as an end point17,18.

Going beyond studies of overall diets, laboratory-
based investigations are progressively identifying 
specific cancer-preventive nutrients and the molecu-
lar mechanisms by which they exert this property19. 
Among the BFCs that seem to be somewhat promis-
ing for cancer prevention are soy isoflavones for breast 
cancer, lycopene (found in tomatoes) for prostate can-
cer, as well as resveratrol (from grapes and red wine), 
omega‑3‑fatty acids (found in fish oil), pomegranate, 
curcumin and antioxidants such as selenium and 
vitamin E, for other cancers20 (TABLE 1). Several large 
Phase III trials that randomize participants to specific 
nutrients that have been hypothesized to lower the risk 
of specific cancers have been carried out. One such 
trial, the Selenium and Vitamin E Cancer Prevention 
Trial (SELECT), indicated that neither selenium nor 
vitamin E supplementation, alone or in combination, 
reduced the risk of prostate cancer compared with a 
placebo21. Indeed, dietary supplementation with vita-
min E alone increased the risk of prostate cancer22. The 
reasons why the outcomes of SELECT failed to confirm 
cancer-preventive activity for both micronutrients, the 
hypothesis on which this trial was based, continue to 
elude us. With regard to selenium, the 200 μg per day 
dose and, more importantly, the l‑selenomethionine 
formulation (different from the selenized yeast used 
in the hypothesis-generating Nutritional Prevention of 
Cancer (NPC) trial23) that were used in SELECT have 
been cited as potential reasons for the ineffectiveness of 
selenium21,24,25. Furthermore, the study populations may 
have differed with respect to baseline selenium levels. 
Baseline levels were probably low in the NPC trial as 
the study participants primarily lived in regions of low 
environmental selenium, in contrast to SELECT, which 
had participants throughout the United States and who 
were therefore subject to variations in environmental 
selenium. These explanations are conjectures, but they 
point to a need for attention to the accurate measure-
ment of baseline and treatment levels of nutrients being 
tested in future cancer prevention trials. One lesson 
from past large, nutritionally based clinical trials is that 
they should ideally be designed with multiple disease 
end points, as well as biomarker-based end points.  

At a glance

•	In the past three decades, the approach to cancer prevention has moved from 
population and epidemiological studies to molecular targeting and immunological 
approaches and to identifying high-risk pre-cancerous lesions in individuals using 
emerging early detection technologies.

•	Global implementation of these scientifically-sound lifestyle- and medical-based 
cancer prevention strategies has the potential to reduce worldwide cancer incidence, 
prevalence and mortality rates in the decades ahead.

•	As more is learned about the mechanisms and pathways that are influenced by 
genetic and molecular changes that initiate cancer or encourage its progression, 
targeted therapies are being developed to interrupt these processes. Additional 
strategies are specifically focused on interrupting the late-stage, but still 
pre-malignant, processes that lead to in situ cancers, with the goal of averting 
progression to actual invasive cancer.

•	The success of vaccines for human papilloma virus (HPV)- and hepatitis B virus 
(HBV)-related cancers has led to an increased focus on immunologically based 
research for many other cancers. Efforts are ongoing to develop immune response 
modulation strategies to augment the innate immunity and to develop vaccines 
against oncogenic infectious agents, as well as tumour-associated and 
tumour-specific antigens.

•	The groundwork for the future of cancer prevention is currently being developed 
through multidisciplinary initiatives that involve researchers from tradition 
biology-based laboratories, as well as collaborators from the fields of information 
technology, imaging technologies, ‘-omics’ (such as genomics, proteomics and 
metabolomics) and communication. Expertise in communication is essential to 
disseminate research findings to the communities that are likely to benefit from these 
findings. Inherent to this future progress is a focus on precision (individualized) 
medicine that will include identifying those who are at a high risk of developing cancer. 
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This will provide opportunities for better understanding 
the role of nutrients and BFCs across a range of diseases 
and conditions.

Obesity and physical activity. Obesity and physical 
activity are independently associated with cancer risk, 
but they are inherently intertwined as lifestyle factors. 
Estimates indicate that obesity accounts for approxi-
mately 20% of all cancer cases, and obesity has been 
identified as a cause of cancer in about 14% of cancer 
deaths in men and 20% of cancer deaths in women26. 
Obesity is associated with an increased risk of cancers 
of the oesophagus, breast (in postmenopausal women), 
endometrium, colon and rectum, kidney, pancreas, thy-
roid, gallbladder and possibly others18. Inflammation 
has a substantial role in the association between obesity 
and many cancers. A parallel increase in the levels of 

aromatase expression or activity with obesity (in adipose 
and breast tissue) has suggested a possible mechanism 
for the increased incidence of hormone receptor-positive 
breast cancer in obese, postmenopausal women27. The 
obesity–inflammation–aromatase axis was investigated 
in a small trial using breast tissue samples from obese 
women who had undergone breast surgery28. Of these 
patient samples, 50% contained crown-like structures, 
a marker of inflammation, and the severity of breast 
inflammation significantly correlated with body mass 
index (BMI) and adipocyte size, increased nuclear 
factor-κB (NF‑κB)-binding activity and increased aro-
matase expression. This suggests that the crown-like 
structures, with BMI and adipocyte size, may serve as 
a potential biomarker for increased breast cancer risk 
or poor prognosis, especially in obese and overweight 
women28.

Figure 1 | Estimated timeline of progression of selected cancers and pre-malignant stages at which specific genes 
contribute to carcinogenesis.  The progression from normal tissue to invasive cancer is characterized by genetic and 
epigenetic changes that occur at different points along the carcinogenic continuum. This continuum is organ- and 
tissue-specific, with the time between initiation and invasive cancer dependent on the accumulation of these changes. 
Because of the lengthy time between initiation and overt (that is, invasive) cancer in most cancer types, early intervention 
and prevention strategies can potentially interrupt the cancer progression process. Crucial gene mutations that contribute 
to this progression from normal tissue to invasive cancer vary between cancer types. These genes, their mutations and their 
epigenetic modifications are the subject of intensive research in the hope that they will serve as targets of anticancer or 
prevention agents (drugs and nutrients). Appropriately targeted interventions should interrupt the cancer-promoting 
consequences of genetic mutations and/or epigenetic modifications, thereby halting progression through the cancer 
continuum. Orange cells represent changes to the tumour microenvironment, including the recruitment of immune cells, 
the induction of angiogenesis and the alterations in the surrounding cells such as fibroblasts. CIN, adenocarcinoma in situ; 
CIS, carcinoma in situ; DCIS, ductal carcinoma in situ; TIS, transitional cell carcinoma in situ.
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The relationship between obesity and cancer can also 
be viewed through the lens of metabolism, the repro-
gramming of which has increasingly been addressed 
as a feature of carcinogenesis and as a potential target 
of therapeutic intervention6. Cancer cells generally use 
aerobic glycolysis to generate the energy needed for 
cell proliferation29. This phenomenon, known since its 
description in the 1920s as the Warburg effect30, distin-
guishes malignant cells from normal differentiated cells, 
which rely on mitochondrial oxidative phosphorylation 
to generate energy. Metabolic syndrome, which encom-
passes abdominal obesity, hypertension, dyslipidemia 
and hyperglycaemia31, offers another look at the con-
nection between the deregulation of metabolism and 
cancer32. This syndrome is linked to insulin resistance 
and the development of diabetes mellitus, which are 
characterized by elevated circulating levels of insulin 
and components of the biologically active insulin-like 

growth factor 1 (IGF1) axis33. Epidemiological evidence 
supports an association between this constellation of 
related diseases and conditions and the development 
of various cancers31,33,34. In cancer treatment, efforts to 
target components of this insulin–IGF system, includ-
ing IGF receptor-specific antibodies and small-molecule 
receptor kinase inhibitors, have not yet proved to be 
effective therapies35. However, the promise of target-
ing the insulin–IGF axis may well be fulfilled in cancer 
prevention. In a meta-analysis of eleven epidemiological 
studies of cancer incidence in patients with diabetes, a 
31% reduction in overall relative risk of cancer (0.69; 
95% confidence interval (CI) = 0.61–0.79) was observed 
in individuals taking metformin compared with other 
anti-diabetic drugs36. The risk-reducing effect of met-
formin suggested by these observational data is rein-
forced by preclinical evidence of anticancer activity by 
this drug in a number of different cancers, including 
breast, pancreas and lung cancer37–39. Clinical trials of 
metformin as a supplement to standard-of‑care therapy 
are already underway in the cancer treatment setting 
(see the ClinicalTrials.gov website; see Further infor-
mation). Prevention trials using metformin are now 
beginning. A short-term intervention with metformin 
in a Phase II trial assessing the prevention of second 
primary cancers in women with treated localized oes-
trogen receptor-negative breast cancer will soon be 
open for accrual (clinical trial number: NCT01471106  
(see Further information)). In an effort to lay the 
groundwork for future metformin prevention trials, 
the US National Cancer Institute (NCI) Division of 
Cancer Prevention (DCP) has recently set up a col-
laboration with the US National Institute of Diabetes 
and Digestive Diseases (NIDDK) as an extension of 
its Diabetes Prevention Program (DPP). The DPP is 
a 3,234‑person randomized clinical trial that reported 
the efficacy of metformin in reducing the incidence 
of diabetes in high-risk obese or overweight individu-
als by 31% relative to a placebo40. Of the participants, 
88% (n = 2,776) enrolled in a follow‑up study, the 
DPP Observational Study (DPPOS), which showed a 
10‑year risk reduction for type 2 diabetes of 18% in the 
patients treated with metformin41. Through its collab-
orative study with the DPPOS, the NCI DCP will col-
lect well-annotated cancer data in a structured manner 
that should enable analyses of cancer incidence and 
mortality that address the underlying question of the 
possible role of metformin in preventing cancer in 
this population, which is at an increased risk of both 
cancer and diabetes. Attention to the chemopreventive 
potential of metformin has been bolstered by mecha-
nistic studies of this drug, which modulates adenosine 
monophosphate-activated protein kinase (AMPK) and 
inhibits the mTOR pathway38, an important cell signal-
ling pathway in many cancers. Future mechanistic and 
clinical studies will answer several questions, includ-
ing the exact mechanism of action of metformin for 
cancer prevention, why it is effective in certain organs 
but not in others and whether it is possible to further 
optimize its therapeutic index for cancer prevention in 
a generalized population.

Figure 2 | Conceptual framework for the impact of cancer preventive interventions 
on carcinogenic progression.  There are crucial benchmarks in the progression of 
cancer that afford the maximum opportunity to interrupt the cancer process. The ‘gold 
standard’ for cancer prevention is to interrupt the cancer-initiating process before 
pre-cancers form. However, genetic and epigenetic changes accumulate throughout the 
lifespan, with some changes routinely eliminated by normal innate or adaptive immune 
responses. The changes that do escape the immune system then provide a second 
opportunity for prevention efforts. Because of the number of years it may take to 
produce carcinoma in situ from early pre-cancers, many opportunities exist for 
interrupting this progression, often through aggressive screening programmes in people 
at a high risk for specific cancers. Another opportunity for preventing overt cancer is late 
in the progression, after the formation of carcinoma in situ, but still before invasion. This 
phase of prevention may include interventions (drugs, nutrients and surgery or radiation) 
for prevention and/or treatment. The presumption is that the earlier that prevention is 
initiated during carcinogenesis, the greater the degree to which the progression to 
cancer is impaired (indicated by a less steep slope in the figure). Cancer treatment slows 
carcinogenesis and delays death due to cancer but it is cancer prevention at earlier time 
points that has the biggest effect on cancer-free survival. The challenge is to detect 
pre-cancer early in its development for intervention. In the ultimate form of slowing of 
carcinogenesis, the stage of invasive cancer is never reached during the individual’s 
lifetime; hence, cancer has truly been prevented.
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In a counterintuitive and somewhat ironic twist, 15 
obese individuals carrying PTEN mutations have recently 
been shown to exhibit increased sensitivity to insulin42. 
Given the predisposition to breast and other cancers 
linked to inherited mutations in this tumour suppressor 
gene43, together with the increased cancer risk associated 
with obesity and increased circulating insulin and IGF1 
levels, this demonstration of profound constitutive insu-
lin sensitivity in the context of obesity combined with 
PTEN haploinsufficiency reminds us that the interaction 
between the genetic and metabolic signalling pathways is 
complex and requires further investigation.

Cancer prevention approaches that address the obe-
sity and metabolism axis also include insights gained 
from studies of calorific and dietary restriction. Calorific 
restriction in a variety of animal models has yielded 
decreases in carcinogen-induced tumours in the mam-
mary gland, brain and intestine44,45. In humans, retro-
spective and historic observations concur with these 
animal data. For example, women in Okinawa, Japan, 
who adhere to a traditional lower calorie diet, exhibit 
lower rates of breast cancer than women in other parts 
of Japan46. Similarly, the Netherlands Cohort Study on 
Diet and Cancer, involving 62,573 women and 58,279 
men who experienced puberty during the economic 

depression, the Second World War and the hunger 
winter of 1944–1945, showed a weak inverse relation 
between energy restriction early in life and subsequent 
development of colon carcinoma45,47. Unfortunately, 
although dietary restriction offers a promising route to 
cancer risk reduction, prospective randomized clinical 
trials of extensively restricted diet regimens are unlikely 
to be feasible in terms of accruing interested participants 
willing to adhere to strict calorific guidelines45,47,48.

Physical activity, at levels recommended by relevant 
organizations using evidence-based results when avail-
able49,50, may reduce the risk of developing some cancers, 
increase survival after a cancer diagnosis and possibly 
reduce the risk of cancer recurrence51. Breast cancer 
risk, in particular, has been shown in both observational 
studies and clinical trials to be inversely associated with 
level of physical activity52. Understanding the negative 
impact of sedentary behaviour on obesity and the posi-
tive impact of moderate and vigorous activity on obesity 
has led to new perspectives on this topic based on the 
lifestyles pursued by most people in post-agricultural 
and post-industrial societies53.

Chemoprevention using pharmaceutical agents
The term chemoprevention, first coined in 1976 to describe 
a pharmacological approach to cancer prevention, focuses 
on the pre-malignant period before the transition to 
invasive cancer54 (FIG. 2). An important feature of chemo
preventive agents is that they confer cancer-preventive 
effects on high-risk tissue, blocking or reversing the 
development of cancer in normal or pre-malignant tissue55 
(TABLE 1). In addition to drug-based interventions, chemo-
prevention is used to refer to BFCs that are administered 
much like a drug and may share mechanistic features with 
synthetic chemical medicines. An active programme of 
drug development for the purposes of cancer prevention 
has been ongoing since the 1980s4,56,57. The use of drugs 
that are approved and in widespread use for diseases other 
than cancer is another tested and reliable practice (some-
times referred to as repurposing). As discussed above in 
the context of the obesity–insulin–IGF axis, metformin, 
which is widely used for first-line management of type 2 
diabetes mellitus58, reduces cancer rates compared with 
other insulin-lowering agents. Various epidemiological 
studies, including meta-analyses, point to several cancers 
as exhibiting inverse associations with metformin use: 
pancreatic cancer36, hepatocellular carcinoma (HCC)36,59, 
colorectal cancer59, lung cancer59 and breast cancer60,61.

Breast cancer. Two successes in breast cancer preven-
tion agents involve the selective oestrogen receptor 
modulators (SERMs) tamoxifen and raloxifene. Each 
SERM has been approved by the US Food and Drug 
Administration (FDA) for risk reduction of breast 
cancer in high-risk women based on results from 
large Phase III randomized control trials (RCTs)62–65. 
Raloxifene offers a classic example of re‑purposing a 
drug that was developed for the prevention and treat-
ment of another disease — osteoporosis — to cancer 
prevention. In 2006, the first analysis of the Study of 
Tamoxifen and Raloxifene (STAR) indicated equivalent 

Box 1 | Screening for early detection of pre-malignancy

Routine screening of individuals without cancer, but who are at a high risk of 
developing the disease, has the goal of detecting cancer at an early stage when it is 
localized, small and presumably more amenable to cure. Screening technologies 
include both imaging and acquisition of readily noninvasively accessible tissues or body 
fluids for molecular analysis. Although not formally prevention, screening has the 
potential to detect pre-malignant lesions that, left alone, might evolve into true 
invasive cancers. Removal of these pre-malignant lesions concomitantly with certain 
screening interventions (colonoscopy) or as a follow‑up to the screen (mammography) 
constitutes cancer prevention119.
Drawbacks to screening, which may skew the benefit-to‑risk balance, include 

false-positive findings (non-cancers) and overdiagnosis (true cancers that are indolent 
and that are unlikely to adversely affect the individual). Neither type of lesion may merit 
invasive therapeutic intervention, which carries its own risks and adverse effects. 
However, aggressive follow‑up of such lesions is often ingrained in standard clinical 
practice. When the risks-versus-benefits of widely used cancer-screening modalities for 
specific common cancers have been evaluated, the evidence-based recommendations 
arrived at by meticulous analysis of relevant studies have often been vehemently 
challenged. The most recent example of this is the US Preventive Services Task Force 
(USPSTF) recommendation against prostate-specific antigen (PSA)-based screening of 
men in the general US population, regardless of age141. The authors explicitly state that 
no firm conclusions can be made about risks-versus-benefits in high-risk 
subpopulations, such as African American men, as well as men with a family history of 
prostate cancer. Despite this, challenges to the USPSTF recommendations have been 
presented, using the special high-risk populations to support the need for continued 
global PSA screening. A similar controversy took place142 following a 2009 USPSTF 
report that recommended against routine mammographic screening for breast cancer 
in women of 40 to 49 years of age and converting to biennial (from annual) screening of 
women over the age of 50 (REF. 143). A common theme that has emerged from these 
screening updates is that prevention researchers must develop improved methods for 
communicating evidence-based messages to patients and their physicians. A promising 
new screening modality, low-dose helical computed tomography, was shown in the 
National Lung Screening Trial to be associated with a 20% relative reduction in lung 
cancer-associated mortality144. However, specific recommendations regarding routine 
use of this screening test in smokers have not been issued. Clearly, screening is an area 
of intense interest in the cancer prevention community145.
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efficacy of raloxifene compared with tamoxifen for 
breast cancer risk reduction, ultimately leading to the 
approval of raloxifene for this purpose64. Although a fol-
low‑up analysis has revealed a trend towards a reduced 
efficacy of raloxifene versus tamoxifen65, raloxifene is 
less toxic, it does not increase the risk of endometrial 
cancer and its adverse effect on thromboembolic disease 
is lower than that of tamoxifen.

Concerns about the SERMs have inspired contin-
ued research into identifying agents that resemble the 
SERMs for decreasing breast cancer risk (48% decrease 
in oestrogen receptor-positive breast cancer) but that do 
so with lower toxicities than the SERMs. A promising 
class of drugs, the aromatase inhibitors, which inhibit 
oestrogen production, was known from adjuvant trials 
to decrease the incidence of oestrogen receptor‑positive 
contralateral breast cancers by 40% to 50%66. This led 
to the testing of the third-generation aromatase inhibi-
tors exemestane and anastrozole in Phase III primary 
prevention RCTs that compared the aromatase inhibi-
tor with a placebo in high-risk postmenopausal women. 
In the National Cancer Institute of Canada (NCIC) 
Mammary Prevention 3 (MAP.3) trial, exemestane led 
to a 65% reduction in the annual incidence of inva-
sive breast cancer and a 73% reduction in oestrogen 
receptor‑positive breast cancers relative to a placebo 
in high-risk women67. Expected toxicities, which relate 
to reduced bone density, fractures and other musculo
skeletal side effects, were limited according to the 

initial publication. However, not only was the 35‑month  
follow‑up time too short to allow the adverse event data 
to mature, but key anticipated bone-related events, as 
well as other toxicities were not prospectively included 
as study end points68.

Colon and other gastrointestinal cancers. Multiple trials 
that have tested aspirin for its cancer-preventive effect 
using colorectal adenomas as a surrogate primary end 
point for cancer have shown benefits for the use of this 
non-steroidal anti-inflammatory drug (NSAID) in 
reducing the risk of colorectal cancer (CRC). For exam-
ple, in patients with a history of a previous CRC69 or a 
history of colorectal adenomas70,71, the incidence of new 
adenomas was reduced in those taking aspirin versus 
those taking no aspirin. In the Colorectal Adenoma/
Carcinoma Prevention Programme (CAPP2) trial in 
patients with hereditary CRC (Lynch syndrome), the 
long-term effects of aspirin use, determined using an 
intent-to‑treat analysis to first CRC, indicated a hazard 
ratio (HR) of 0.63 (95% CI = 0.35–1.13; p = 0.12)72.

Recent post-hoc analyses and meta-analyses from 
multiple randomized clinical trials that were originally 
designed with non-cancer end points found that, after a 
minimum of 5 years of follow‑up, trial participants who 
took aspirin daily — regardless of dose — for a mean of 
4 years, had a 44% reduction in cancer mortality compared 
with participants who took a placebo. The largest decrease 
in risk was for gastrointestinal cancers (oesophageal and 

Table 1 | Cancer prevention agents: selected drugs and nutrients

Agent Cancer type Stage of agent development Refs

SERMs tamoxifen and 
raloxifene

Breast cancer in high-risk 
women

FDA-approved after Phase III trials 62–65

Aromatase inhibitors 
anastrozole and 
exemestane

High-risk post-menopausal 
women; CLBC risk reduction; 
risk reduction for oestrogen 
receptor‑positive breast cancer

Exemestane, Phase III trial completed; 
anastrozole, Phase III trial ongoing. Not yet 
FDA-approved for prevention (approved for 
adjuvant breast cancer treatment)

66–68

Metformin Pancreas, HCC, CRC, lung and 
all-cancer incidence (possibly 
breast)

FDA-approved for first-line management 
of type 2 diabetes; ongoing clinical trials to 
assess use for cancer risk reduction

36,58, 
60,61

Aspirin All-cancer mortality, colon, 
CRC, oesophageal and lung

Not FDA-approved for cancer prevention; 
may be used off-label

70–73

Combination of sulindac 
and DMFO

Recurrent (advanced) adenoma Ongoing Phase III trial 82

5‑α-reductase inhibitors 
finasteride and dutasteride

Prostate Post-Phase III analyses to determine influence 
on increase in high-grade tumours

83,84

Soy isoflavones Breast Clinical trials 20

Lycopene (tomatoes) Prostate and lung Phase II RCT (prostate); cohort studies (lung) 20

Resveratrol (grapes and 
red wine)

Oesophageal, intestinal, colon 
and others

Preclinical and animal studies 20,146

Omega‑3‑fatty acids (fish 
oil)

Prostate, breast and colon Animal models (prostate, breast and colon); 
Phase II studies (all cancer)

20

Pomegranate Breast, lung and prostate Preclinical and animal studies (breast and 
lung); Phase II study (prostate)

20

Curcumin Carcinogenesis, prostate and 
colorectal

Preclinical and animal studies; limited human 
trial data

20,76, 
146

CLBC, contralateral breast cancer; CRC, colorectal cancer; DMFO, difluoromethylornithine; FDA, US Food and Drug 
Administration; HCC, hepatocellular cancer; RCT, randomized controlled trial; SERM, selective oestrogen receptor modulator.
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colorectal adenocarcinoma)73,74,75. Data for individual par-
ticipants in three of the eight trials showed a lower risk of 
cancer-associated mortality after 20 years of follow‑up73.

In addition to aspirin, other NSAIDs have shown 
efficacy in CRC prevention trials. Celecoxib, a selective 
inhibitor of cyclooxygenase 2 (COX2), proved promis-
ing for inhibiting adenoma occurrence in patients with 
familial adenomatous polyposis (FAP)76 and in patients 
following polypectomy77,78. However, COX2 inhibitors are 
no longer considered for prevention owing to their cardio-
vascular toxicities79–81. Despite this, other NSAIDs show 
promise, including sulindac, for which 375 individuals 
with a history of resected adenomas were randomized 
to take either sulindac plus difluoromethylornithine 
(DFMO) or matched placebos. The risk ratio for recur-
rent adenomas in the intervention relative to the placebo 
group was 0.30 (95% CI = 0.18–0.49; p <0.001) and 0.085 
(95% CI = 0.011–0.65; p <0.001) for advanced adenomas82. 
These remarkable results have led to an ongoing Phase III 
trial (NCT01349881; see Further information). Together, 
these studies strongly suggest a role for aspirin and other 
NSAIDs in colon cancer risk reduction.

Prostate cancer. Prostate cancer, the most common can-
cer and the second leading cause of cancer-related death 
in men, has been the subject of a number of large preven-
tion trials over the past three decades. Although they fos-
tered a better understanding of the disease and strategies 
for reducing incidence, unexpected results from past tri-
als, including SELECT, have raised troubling questions 
regarding preventive interventions for prostate cancer.

Prostate cancer prevention efforts with the 
5‑α-reductase inhibitors finasteride and dutasteride, two 
agents used for benign prostatic hyperplasia, have encoun-
tered other obstacles. The Prostate Cancer Prevention 
Trial (PCPT) showed that finasteride compared with a 
placebo reduced the risk of prostate cancer in healthy men 
by 25%. However, a 27% increase in high-grade tumours 
(Gleason grades 7−10) was observed in the treated group 
relative to the placebo group when the comparison 
was made in terms of the percentage of high-grade 
tumours among all men in the study83. The Reduction by 
Dutasteride of Prostate Cancer Events (REDUCE) trial in 
men at a high risk of prostate cancer based on increased 
levels of prostate-specific antigen (PSA) showed a similar 
reduction in prostate cancer risk (relative risk reduction 
of 22.8% (95% CI = 15.2–29.8; p <0.001). Again, a slight 
increase in high-grade tumours was noted in individuals 
taking dutasteride compared with a placebo84.

Attempts to explain the unexpected increase in high-
grade tumours in the otherwise promising results from 
the PCPT and REDUCE trials, as well as other trials, have 
engendered considerable commentary, influencing future 
directions for prostate cancer prevention research85,86. The 
observed reductions in prostate cancer prevalence (PCPT) 
and incidence (REDUCE) suggest that the identification of 
the men that are most likely to benefit from cancer preven-
tion would optimize the use of 5‑α-reductase inhibitors. 
Research has indicated variability in the CYP3A4 geno-
types and haplotypes that correlate with CYP3A4 enzyme 
activity, which affects testosterone metabolism and 

ultimately has implications for prostate cancer risk. For 
example, ethnic differences in CYP3A4*1B allele frequen-
cies correlate with the risk of prostate cancer: Asian men 
(0%*1B), have the lowest risk, followed by Caucasian  
men (7%*1B), Hispanic men (20%*1B) and finally 
African American men (81%*1B), who have the highest 
risk. As with risk, responses to a drug may be predicted 
by the pharmacogenetics of finasteride-metabolizing and 
target enzymes, and this offers a fertile area for investi-
gation87. A key approach would be based on biomarkers 
such as genetic variants in genes encoding enzymes, such 
as CYP3A4, which are involved in the biotransformation 
of 5‑α-reductase inhibitors, as well as SRD5A2, which 
is the target of drugs in this class87. In addition, lifestyle 
interventions for reducing the risk of prostate cancer are 
focused on the role of obesity and physical activity88.

Application of effective chemopreventive agents in gen-
eral clinical use. Despite promising outcomes from clini-
cal trials of chemopreventive agents, potential agents still 
face challenges in terms of being brought to generalized 
clinical use. The first challenge is to engage the interest 
of pharmaceutical companies for the purpose of chemo
prevention. With a few exceptions (tamoxifen, ralox-
ifene, dutasteride, finasteride, celecoxib and others), 
these companies have not viewed the necessary drug 
development process in a favourable light owing to a lack 
of anticipated financial benefits in the preventive setting. 
Necessary Phase III trials are resource intensive (large, 
long and expensive) and are unlikely to pay off in terms 
of widespread uptake into general clinical use even if 
they are approved for preventive indications by the FDA. 
The FDA itself poses obstacles because of intense scru-
tiny for toxicity, a huge hurdle for drugs to be adminis-
tered in a non-cancer population. A telling example of 
the objection of the FDA to a preventive application is 
finasteride. The PCPT demonstrated that eligible healthy 
men taking finasteride for 5 years exhibited nearly a 25% 
reduction in the prevalence of prostate cancer compared 
with men taking a placebo83. This promising outcome 
was far out-shadowed from the viewpoint of the FDA by 
the 27% increase in high-grade cancers (Gleason grades 
7–10) in men in the finasteride (6.4%) group compared 
with men in the placebo (5.1%) group. An additional 
impediment to bringing chemoprevention agents into 
clinical use is the perception of the public regarding the 
toxicities associated with these agents. This is particu-
larly well illustrated by tamoxifen, which successfully 
survived FDA approval for the purpose of risk reduction 
in high-risk women based on the outcomes from the 
Breast Cancer Prevention Trial (BCPT)89. Despite FDA 
approval, uptake by high-risk women and their physi-
cians of preventive tamoxifen has been very limited90,91. 
Finally, in the case of commonly used drugs that are 
approved for other indications, completing large defini-
tive clinical trials is not feasible. For example, although 
extensive epidemiological74,75 and clinical69,70,72,82,92 evi-
dence supports cancer-preventive effects for aspirin, its 
important role in cardiovascular preventive measures93 
precludes placebo-controlled clinical testing of this agent 
for chemoprevention.
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Immunotherapy for cancer prevention
Vaccines are prominent among the approaches that 
aim to harness an individual’s immune system against 
cancer, showing greater success in cancer prevention 
than treatment (TABLES 2,3). The preferential success 
of preventive vaccination is generally attributable to a 
minimal or non-existent tumour burden. In addition, 
candidates for preventive vaccination still have fully 
competent immune systems that are capable of develop-
ing robust antitumour responses, leading to the eradica-
tion of abnormal cells and/or the prevention of disease 
onset and recurrence.

Endogenous immune responses can be recruited to 
prevent cancer via three basic approaches: using vaccines 
to prevent infection with cancer-associated agents; using 
vaccines to target tumour-associated antigens (TAAs) 
or tumour-specific antigens; and using nonspecific 
immunomodulators that recruit components of the 
innate immune system to exert their anticancer effect.

Vaccines against oncogenic infectious agents. The most 
obvious successes involve the development of vaccines 
that prevent cancer by inhibiting the onset of factors 
that are known to initiate carcinogenesis. Preventing 
infection with cancer-causing viruses offers a case in 
point. The identification of hepatitis B virus (HBV) as 
a major cause of HCC94 instigated an effort to develop 
an HBV vaccine. The use of a prophylactic vaccine 
based on purified S particles from the virus in high-
risk individuals has led to an estimated 69% reduction 
in the incidence of HBV-specific HCC worldwide. The 
next step will be to develop HBV and HCV therapeutic 
vaccines for cancer prevention in individuals that are 
already infected (TABLE 2).

A similar trajectory has transpired in recent years for 
cervical cancer, which is induced through infection with 
specific strains of the human papillomavirus (HPV). 

Two highly effective vaccines that target the L1 protein, 
a component of the outer shell of the virus, have been 
developed and licensed94,95. In the United States and the 
European Union, Gardisil (Merck), which targets HPV 
strains 6 and 11, and the oncogenic strains 16 and 18, 
was approved in 2006 for young females aged 9–26. In 
2009 the FDA approved Cervarix (GlaxoSmithKline), 
which targets HPV‑16 and HPV‑18, for females aged 
10–25. However, several issues remain unresolved, such 
as the actual duration of vaccine efficacy in preventing 
infection and the need to develop vaccines that target 
a broader range of both oncogenic and non-oncogenic 
HPV strains. Although less than 25% of HPV-associated 
cancers occur in men overall, some subgroups are par-
ticularly susceptible to such cancers96. Specifically, 90% 
of anal cancers are HPV-related, and according to recent 
data a steady increase has been occurring in HPV-positive 
orophayrngeal cancer in men97. Together, these observa-
tions suggest that addressing a broader reach of HPV vac-
cines, beyond that of cervical cancer, would be valuable. 
Thus, current interest in the HPV vaccines now centres 
on extending coverage to boys96,98. Additional efforts are 
underway to develop an HPV vaccine that can cure previ-
ously infected individuals, including those with existing 
pre-malignant lesions99. This cohort represents a majority 
of men and women above the age of 11 (REFS 100,101). 
Although HPV vaccines seem to exhibit reduced efficacy 
in individuals with prior exposure to HPV96, modelling 
analysis of their cost effectiveness suggests that vaccina-
tion is a beneficial intervention in high-risk men for the 
prevention of genital warts, and oropharyngeal and anal 
cancer98. Importantly, not all oncogenic strains of HPV 
are covered by current prophylactic vaccines; hence, a 
need still exists for Papanicolaou tests (Pap smears), as 
the remaining uncovered strains will continue to pose an 
oncogenic challenge to the cervix until newer multivalent 
vaccines are developed that cover all strains.

Table 2 | Cancer prevention agents: vaccines to prevent cancers associated with infectious agents

Virus Cancer type Stage of vaccine development Refs

HBV Liver FDA-approved:
•	Engerix‑B
•	Recombivax HB

94

HPV Cervix, anus, vulva and vagina FDA-approved:
•	Gardisil: HPV Quadrivalent (Types 6, 11, 16 and 18) 

vaccine, recombinant
•	Cervarix: HPV Bivalent (Types 16 and 18) vaccine, 

recombinant

94,95

HPV Penis, mouth, oropharynx and 
genital warts

•	FDA extended approval: Gardisil
•	Other vaccines under development

96–98

HCV Liver Early development 147–149

EBV Burkitt’s lymphoma, Hodgkin’s 
lymphoma and NPC

In clinical trials; no regulatory-approved vaccines 94

HTLV Adult T cell leukaemia or lymphoma Preclinical and animal studies 94

KSHV Kaposi’s sarcoma No ongoing vaccine research; antiviral drug 
ganciclovir for prevention in HIV-infected individuals

94

Merkel cell 
polyomavirus

Merkel cell skin cancer pcDNA3‑LT DNA vaccine being tested in animals; 
chemotherapy or radiation therapy

150

EBV, Epstein–Barr virus; FDA, US Food and Drug Administration; HBV, hepatitis B virus; HCV, hepatitis C virus; HPV, human papillomavirus; 
HTLV, human T cell lymphotropic virus; KSHV, Kaposi’s sarcoma-associated herpesvirus; NPC, nasopharangeal carcinoma.
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Vaccines directed against tumour antigens. Tumour 
antigens are endogenous (or self ) proteins that are 
aberrantly expressed102. Tumour-specific antigens  
are expressed only in cancer cells and germ cells. By 
contrast, tumour-associated antigens (TAAs) occur nor-
mally in adult somatic cells but are modified in cancer 
cells. The mechanisms responsible for the transition of 
these normal cell regulatory proteins to aberrant (abnor-
mal self), and thus immunogenic proteins in malignant 
cells, are not fully understood. Several possible explana-
tions have been proposed, including the acquisition of 
stable mutations (as is evident in the melanoma antigen 
MAGE1); overexpression of the tumour-associated pro-
tein (such as ERBB2 (also known as HER2 and neu)), 
revealing additional epitopes that are not routinely 
exposed; and through the post-translational modifica-
tion of a normal self-antigen, as is seen with abnormal 
glycosylation of MUC1 in colon cancer103 (TABLE 3).

The intactness of the immune system in healthy, 
high-risk individuals who are in need of preventive inter-
ventions makes them ideal candidates for prevention vac-
cines. In addition, pre-cancers are smaller lesions, which 
are more likely to be controlled by an effective immune 
response. Both of these facts argue that immunological 
approaches may be better suited to cancer prevention 
or for early stage treatment, than for the treatment of 
late-stage cancers. Impressive preclinical evidence that 
supports the immunological effects of preventive vac-
cines comes from a mouse model of colitis-associated 
colon cancer (CACC). MUC1 is abnormally expressed 
in inflammatory bowel disease (IBD), as it is in colon 
cancers104. Vaccination against MUC1 not only delayed 

IBD but also prevented progression to CACC in this 
mouse model, at least in part by eliciting MUC1‑specific 
adaptive immunity, which eliminated abnormal 
MUC1‑expressing cells in IBD colons. Following vacci-
nation in patients with breast cancer, T cell (both CD4+ 
and CD8+ T cells) immunity to three TAAs that are typi-
cally found in tumour tissue (ERBB2, carcinoembry-
onic antigen (CEA) and melanoma-associated protein 3 
(MAGE3)) was increased relative to controls103. Such 
antigen-specific cancer vaccines targeting these TAAs 
have been shown to elicit tumour-suppressive responses 
in the clinical setting. Admittedly, the responses were 
incomplete, but they offer proof‑of‑principle for this 
approach in preventing invasive disease. A large num-
ber of clinical trials have been carried out using different 
TAAs and most have shown minimal toxicities and side 
effects that are common with any vaccinations105–107.

Non-targeted immunological preventive interventions. 
In addition to interventions that are targeted to specific 
antigens, agents that elicit nonspecific immunological 
responses have proved useful in preventing the initia-
tion and/or progression of carcinogenesis. Some of these 
non-targeted immunomodulators have already been 
approved by the FDA for use in cancer prevention. One 
success with a non-targeted intervention is imiquimod 
(Aldara; Graceway Pharmaceuticals). Imiquimod, and 
a sister compound, resiquimod (R-848; Biovision), both 
activate the innate immune system through the toll-like 
receptors TLR7 and TLR8. Imiquimod applied topi-
cally was originally approved by the FDA to treat actinic 
keratosis, superficial basal cell carcinoma and external 
genital warts. Imiquimod has yielded an 80% cure rate 
for lentigo maligna and has shown efficacy in vulvar 
intraepithelial neoplasia108. A recent, small clinical trial 
of imiquimod showed benefit as an adjunct to surgery for 
high-risk, primary melanoma109. Like other TLR agonists, 
imiquimod has been shown to enhance antitumour activ-
ity in an adjuvant manner when combined with a viral 
vector vaccine, specifically an adeno-associated virus 
carcinoembryonic antigen (CEA) vaccine110.

Carrageenans, a family of linear sulphated poly-
saccharides from red algae that are related to heparan 
sulphate, possess nonspecific immunomodulatory 
properties, activating macrophages and inducing pro-
inflammatory cytokines through the BCL‑10–NF-κB–
interleukin‑8 (IL‑8) pathway111,112. Carrageenans bind 
TLR4, conferring their immunological effect via an 
innate immune response. In vitro and animal studies 
have suggested that carrageenans may be potent inhibi-
tors of HPV infection113. A clinical trial of Carraguard 
(FMC Biopolymer), a carrageenan-based lubricant, 
in 1,723 high-risk, sexually active women, showed a 
reduction in HPV infection among women using the 
lubricant compared with those who did not114. This 
ability to protect against vaginal transmission of HPV 
suggests a role for this nonspecific immunomodulator 
in the prevention of HPV-associated cancers.

Immunostimulatory drugs have long been used for 
the treatment of cancer and other diseases. Instillation 
of the Bacillus Calmette–Guérin (BCG) into the bladder 

Table 3 | Tumour-associated and tumour-specific antigens

Antigen Development phase (preclinical and clinical) Refs

ERBB2 Breast cancer adjuvant setting 151

Breast cancer prevention (preclinical efficacy and 
clinical immunogencity studies)

152

IGFBP2 Breast cancer treatment (immunogenicity) 153

CEA Colorectal cancer prevention (preclinical, treatment 
and clinical), lung and breast cancers

154

NY‑ESO‑1 Multiple cancers 155

AFP Germ cell tumours and HCC 156

CA125 Ovarian cancer 157

MUC1 Breast, colorectal, prostate and pancreas 158

MAGE Malignant melanoma, breast, ovary, lung and bladder 159

Abnormal products 
of KRAS and p53

Various tumours 160

CDK4 Melanoma 161

β-catenin Melanoma 162

MUM1 Melanoma 163

BCR-ABL Chronic myeloid leukaemia 164

CASP8 Head and neck squamous 165

AFP, α-fetoprotein; CA125, cancer antigen 125; CASP8, caspase protein 8; CDK4, 
cyclin-dependent kinase 4; CEA, carcinoembryonic antigen; HCC, hepatocellular cancer; 
IGFBP2, insulin-like growth factor-binding protein 2; MAGE, melanoma-associated antigen; 
MUC1, mucin 1; MUM1, multiple myeloma 1.
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The Cancer Genome Atlas
(TCGA). Catalogues genetic 
mutations that are found in 
cancers.

is an established treatment for preventing the recurrence 
of superficial bladder cancer115. Long-term follow‑up of 
patients with high-grade T1 bladder cancer indicated a 
benefit from this nonspecific immunomodulation after 
transurethral resection116, although long-term follow‑up 
(>3 years) demonstrated progression in 30% of patients. 
The ability to predict which patients will develop recurrent 
disease should improve the use of this approach. A study 
of BCG response biomarkers identified urinary IL‑2 as a 
promising predictive biomarker of BCG response117.

Several drugs, such as ipilimumab, have been developed 
that target distinct regulatory elements of the immune sys-
tem. Cytotoxic T lymphocyte antigen 4 (CTLA4), which 
belongs to the immunoglobulin superfamily, is expressed 
on the surface of T helper cells and transmits inhibitory 
signals to T cells, preventing the over-activation and pro-
longation of an immune response. Although early clinical 
studies show promise for this approach in patients with 
advanced cancer, there is considerable concern that such 
agents will have unacceptable side effects, including auto-
immune reactions in healthy individuals with an intact, 
fully functional immune system. Further research is 
undoubtedly needed in this area, although initial findings 
have indicated that targeting another T cell inhibitory  
molecule, PD1, might have reduced side effects118.

Cancer immunoprevention
In general, biomarkers are physical entities or images of 
these entities or other indirect manifestations of a physio-
logical state that indicate the presence of a biological pro-
cess, disease process or drug response119. Biomarkers can 
serve several purposes in clinical trial testing of poten-
tial cancer-preventive interventions (FIG. 3). Biomarkers 
can be used to assess the risk of developing cancer, as 
seen with genetic mutations (such as BRCA1, BRCA2 
and APC in specific cancer-associated syndromes) and 
genetic polymorphisms and variants, which are revealed 
via epidemiological and genome-wide association stud-
ies. Imaging modalities are also currently being used 
to assess risk. For example, breast density on mammo-
grams120 is being used in some clinical trials to assess the 
risk of breast cancer for the purposes of trial eligibility66.

Few biomarkers have been validated for the early detec-
tion of cancer. Among those most widely used are PSA 
for prostate cancer, cancer antigen (CA)-125 for ovar-
ian and cervical cancer, CA 19–9 for pancreatic cancer, 
carcinoembryonic antigen (CEA) for colon cancer and 
α‑fetoprotein (AFP) for liver cancer121. However, these 
biomarkers are far from optimal with respect to two key 
elements that are required of a validated screening marker: 
sensitivity and specificity. Considerable controversy exists 
regarding their application in the early detection of cancer.

As a result of recent advances in our understanding of 
molecular carcinogenesis, several molecular biomarkers 
have been developed for prognostic use, as well as for 
risk stratification and decision-making as to whether to 
incorporate chemotherapy into the therapeutic regimen. 
Biomarkers used in this manner include the Oncotype DX 
(Genomic Health Inc) and ColoPrint (Agendia) for colo-
rectal cancer122, and the Oncotype DX and MammaPrint 
(Agendia) tests for early stage breast cancer123,124. Future 

cancer prevention trials will use some variations of these 
multi-gene arrays to assist in deciding whether specific 
interventions should be used based on both risk stratifica-
tion and minimizing overall toxicity in high-risk individu-
als. The process of developing and validating biomarkers 
is long and rigorous, and few biomarkers have so far been 
validated for their intended application, whether for early 
detection, prognosis or prediction of drug response.

Future directions in cancer prevention
Continued interest in established classes of chemopreven-
tive agents. Given the well-documented chemopreventive 
properties of both SERMs and aromatase inhibitors, 
interest continues in testing newer hormone-modulating 
agents for cancer prevention62. Two doses of the non-
steroidal SERM lasofoxifene were compared with a 
placebo in osteoporotic women in the Postmenopausal 
Evaluation and Risk-Reduction with Lasofoxifene 
(PEARL) trial125,126. Not only did both lasofoxifene doses 
reduce fracture risk but they also reduced the risk of oes-
trogen receptor‑positive breast cancer (0.5 mg per day 
(81% reduction; p <0.001); 0.25 mg per day (48% reduc-
tion; p = 0.07))125, making this a promising agent for breast 
cancer prevention. Similarly, the SERM arzoxifene was 
shown in the Generations Trial involving osteopenic and 
osteoporotic postmenopausal women to reduce invasive 
breast cancer incidence by 1.3% (cumulative rate = 1.0% 
with arzoxifene versus 2.3% with a placebo), giving a 56% 
relative decrease in risk (HR = 0.44 (95% CI = 0.26–0.76; 
p >0.001))127. Even as the MAP.3 trial documented the 
benefits of exemestane in prevention, aromatase inhibitors 
continue to be under investigation for breast cancer risk 
reduction. Results from the International Breast Cancer 
Intervention Study II (IBIS‑II) are eagerly awaited. This 
two-group trial is comparing the aromatase inhibitor 
anastrozole to a placebo in women at an increased risk 
of breast cancer (first group) and anastrozole to tamox-
ifen in women with ductal carcinoma in situ (second 
group). An interesting feature of the high-risk group is the 
inclusion among the eligibility criteria of high mammo-
graphic density, a well-documented risk factor for breast 
cancer11,66,128. In addition to serving as a documented bio-
marker of cancer risk, data are accumulating to support 
mammographic density both as a surrogate end point 
biomarker of drug effect and as a predictive biomarker of 
clinical drug efficacy when evaluated with tamoxifen and 
aromatase inhibitors in women with high breast density 
at baseline129,130. Although a study of raloxifene in high-
risk premenopausal women did not reveal a change in 
mammographic density with this agent131, the design and 
small size of this study precluded the evaluation of clinical 
response correlates of mammographic density. Clearly, the 
potential application of baseline mammographic density 
as a predictive biomarker should be investigated in the 
future in relation to the efficacy of other breast cancer 
risk-reducing agents.

Individualized cancer prevention. Just as genomic ana
lyses of various cancers have been undertaken as part 
of The Cancer Genome Atlas (TCGA) project, attention is 
now being directed towards analogous genomic probing 
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of pre-malignant lesions. Evaluation of the genetic abnor-
malities is expected to promote a gene-based functional 
understanding of carcinogenesis and lead to the identifi-
cation of molecular targets for interventions. In addition 
to genomics, cancer prevention strategies in the future 
will incorporate a variety of new modalities, including 
imaging, proteomic, metabolomic, glycomic and epige-
netic, to identify, and validate, surrogate biomarkers for 
use in Phase I and II prevention trials.

Overdiagnosis, underdiagnosis and risk stratification. 
Overdiagnosis of cancerous lesions the clinical sig-
nificance of which is undetermined provides a great 
challenge for the screening and cancer prevention 
community132. In addition, screening can identify 
pre-cancers the clinical relevance of which is also 
unknown. The problem is further complicated by the 
fact that not only are pre-cancers of undetermined sig-
nificance being identified at an alarmingly high rate, 
partly due to improvement in detection technologies, 
but the lesions that are ultimately destined to progress 
to cancer are also either not diagnosed or are hidden 
in these myriad pre-cancers; this situation is a form 

of underdiagnosis. This is exemplified in the case of 
Barrett’s oesophagus and oesophageal adenocarcinoma. 
Although individuals with Barrett’s oesophagus are at a 
high risk of developing oesophageal adenocarcinoma, 
95% of patients with Barrett’s oesophagus never develop 
cancer. Conversely, most oesophageal adenocarcinoma 
cases were missed as they were diagnosed as Barrett’s 
oesophagus133. Genomic analysis resembling TCGA-like 
projects offers a crucial approach for discerning which 
of the screen-diagnosed pre-cancerous and small inva-
sive lesions pose actual threats to the health of individu-
als. Distinguishing these from lesions that are benign 
and innocuous, or that are overdiagnosed, would avoid 
morbid and costly follow‑up medical intervention in 
individuals whose newly revealed lesions are predicted 
never to progress based on genomic classification.

Immunoprevention modalities. Cancer prevention is ideal 
for interventions involving the modulation of the immune 
response. The small size of pre-invasive lesions that con-
fer high cancer risk combined with the robust nature of 
the immune system, promise better success with immune 
modalities in preventive as opposed to treatment settings. 

Figure 3 | Uses of biomarkers at various stages of the cancer continuum.  In cancer medicine biomarkers have been 
used for several purposes. Risk biomarkers reflect the increased risk of developing a cancer type or subtype. In genetic 
syndromes, a gene mutation in the germline DNA correlates with an increased risk of disease; the same mutation is 
observed in all tissues of the affected individual. Pre-malignant lesions serve as tissue indicators of increased risk of 
progression to cancer. Such risk biomarkers can be used for risk classification or risk stratification, which quantifies the 
level of risk and/or separates at‑risk individuals into categories on the basis of predicted response to a given treatment. 
Risk stratification is useful in designing clinical trials that involve individualized treatment interventions. Predictive 
biomarkers predict the likelihood of drug response, specifically the likelihood that a precancer will respond to a 
mechanism-based therapy that is targeted to that lesion. Surrogate end point biomarkers (SEBs) are used as substitutes 
for key clinical outcomes; modulation of SEBs in response to drug or other interventions should be in a direction that 
parallels the desired response of the clinical end point.
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Vaccines, already well-established tools for preventing a 
variety of infectious diseases, have been applied to the 
prevention of some of the 20% of cancers that are known 
to have infectious aetiologies. Building on past successes 
with prophylactic HBV and HPV vaccines, research is 
beginning to address the cancer-preventive effects of ther-
apeutic vaccines in individuals who are already infected 
with oncogenic viruses. In the near future, an important 
application of successful vaccines, such as those for HPV 
and HBV, will be to direct their use in developing coun-
tries, which lack resources for standard-of‑care treatment 
of infection-associated (and other) cancers. The immune 
evasiveness of highly mutable cancer-causing viruses 
poses a special challenge to vaccine development, but 
improved understanding of the immune system should 
allow this obstacle to be overcome.

Similarly, the identification of tumour antigens 
in pre-cancers and a better understanding of innate 
immune surveillance during carcinogenesis is needed so 
that future research can be better defined for immuno
modulatory approaches, including combinations of 
small molecules that modulate the immune response.

Adaptive and creative clinical trials for cancer preven-
tion. Whereas past definitive Phase III prevention trials 
have served us well in documenting or rejecting the effi-
cacy of promising preventive interventions for high-risk 
individuals21,22,64,65,83,89,134, the necessarily large size of such 
trials requires substantial investment of both monetary 
and human resources. For these reasons, alternative 
designs for definitive clinical prevention trials, aiming 
for shorter intervention durations and smaller partici-
pant cohorts, are beginning to be investigated. Future 
large prevention trials should be prospectively designed 
to cut across multiple disease entities in a manner 

resembling the Women’s Health Initiative135. In addition, 
more efficient approaches to the development of cancer-
preventive agents from in vitro testing, through in vivo 
animal model evaluation to clinical trials are currently 
being explored136.

Public health education and community outreach. 
Finally, a major challenge for prevention is improving 
the methods of communicating research results to the 
public. Despite strong evidence from well-designed 
Phase III trials that the SERMs tamoxifen and raloxifene 
are effective risk-reducing agents for breast cancer, as 
well as FDA approval and endorsement by respected 
professional organizations for this indication137,138, the 
acceptability of preventive tamoxifen and raloxifene to 
high-risk women and their physicians has been limited, 
primarily owing to concerns over perceived unaccep-
table toxicity36,90,139,140. This misunderstanding by the 
public is due to a number of factors: an inadequate 
communication of the risks and benefits by clinical 
researchers; a lack of integration of cancer prevention 
into the education of primary care providers, who com-
prise the clinical frontline in disease prevention; and an 
exaggeration of the adverse effects by the mass media. 
In addition, underserved populations suffer from a lack 
of access to cutting edge health information in general. 
Methods to improve the communication of the actual 
risk to benefit balance of preventive drugs for indi-
vidual patients must be developed91. If physicians and 
other health professionals are to increase the use of  
cancer-preventive agents, whether drugs, nutrients or 
vaccines, a clear message must be given that the benefits 
far outweigh the identified side effects, especially if med-
ical professionals are to be successful in recommending 
these interventions to otherwise healthy individuals.
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