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Abstract
The recent pace, extent, and impact of paradigmchanging cancer prevention science has been remarkable. The American Association for Cancer Research
(AACR) convened a 3-day summit, aligned with ﬁve
research priorities: (i) Precancer Atlas (PCA). (ii) Cancer
interception. (iii) Obesity-cancer linkage, a global epidemic of chronic low-grade inﬂammation. (iv) Implementation science. (v) Cancer disparities. Aligned with
these priorities, AACR co-led the Lancet Commission to
formally endorse and accelerate the NCI Cancer Moonshot program, facilitating new global collaborative
efforts in cancer control. The expanding scope of creative impact is perhaps most startling—from NCI-funded
built environments to AACR Team Science Awarded
studies of Asian cancer genomes informing global primary prevention policies; cell-free epigenetic marks
identifying incipient neoplastic site; practice-changing
genomic subclasses in myeloproliferative neoplasia
(including germline variant tightly linked to JAK2
V617F haplotype); universal germline genetic testing
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for pancreatic cancer; and repurposing drugs targeting
immune- and stem-cell signals (e.g., IL-1b, PD-1, RANKL) to cancer interception. Microbiota-driven IL-17 can
induce stemness and transformation in pancreatic precursors (identifying another repurposing opportunity).
Notable progress also includes hosting an obesity special conference (connecting epidemiologic and molecular perspectives to inform cancer research and prevention strategies), co-leading concerted national implementation efforts in HPV vaccination, and charting the
future elimination of cancer disparities by integrating
new science tools, discoveries and perspectives into
community-engaged research, including targeted
counter attacks on e-cigarette ad exploitation of children, Hispanics and Blacks. Following this summit, two
unprecedented funding initiatives were catalyzed to
drive cancer prevention research: the NCI Cancer Moonshot (e.g., PCA and disparities); and the AACR-Stand
Up To Cancer bold “Cancer Interception” initiative.
Cancer Prev Res; 11(12); 735–778. 2018 AACR.
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Prioritizing Cancer Prevention
The potential for prevention to reduce the global
cancer burden has never been greater and is now recognized by a variety of disciplines (Fig. 1; refs. 4–6). This
focus on cancer prevention represents a shift from previous approaches. The cancer research community is
redeﬁning the perception of prevention, introducing and
implementing the new concept of cancer "interception"
(2) and improving the understanding of how and when
intervention might optimize health beneﬁts and minimize risks.
1. Prevention science has matured over the last 30 years,
shifting from primarily descriptive studies that
suggested prevention's potential (7), to
interventional studies that prove it.
2. Cancer research has improved our understanding
of the events that initiate and promote
oncogenesis and insight into how germline genetics
interact with somatic molecular and cellular-related
drivers of this process, for example, germline
variation can directly affect the mutational
landscape of oncogenesis and developing
tumors (8).
3. The U.S. population is growing, becoming more
racially and ethnically diverse, and its age
distribution is shifting. Increased life expectancy is
producing a population that is both larger and
older than in previous decades. As age is a strong
risk factor for most cancers, this birth-cohort shift
will result in more cancer cases as well as more
cancer survivors at an increased risk of developing
second cancers (9).
4. Unhealthy lifestyle choices, such as physical
inactivity, sedentary behavior and tobacco use, and
consequent health outcomes, such as obesity, are
unacceptably common, particularly among some
racial and ethnic minority groups and low
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Over its 110-year history, the American Association for
Cancer Research (AACR) has led the ﬁeld of cancer
research. The organization's commitment to cancer prevention research is reﬂected in its mission statement to
"prevent and cure cancer through research, education,
communication, and collaboration."
The AACR accelerates dissemination of scientiﬁc
advances through meetings, conferences (http://www.
aacr.org/meetings/), and publications (http://aacrjour
nals.org/), speciﬁcally Cancer Prevention Research and
Cancer Epidemiology, Biomarkers, and Prevention. The AACR
magazine Cancer Today (https://www.cancertodaymag.
org/) focuses on cancer prevention, as does the annual
AACR Cancer Progress Report (http://www.cancerprogressre
port.org), which is distributed to members of the U.S.
Congress and made available to the public. Partnering
with leading organizations in all areas of cancer health
disparities research community ensures that cancer
research beneﬁts all populations and patients regardless
of race, ethnicity, age, gender identity, sexual orientation,
socioeconomic status, or the communities in which they
live (1, 2).
The AACR has a long history of supporting cancer
prevention studies, launching its second century of leadership catalyzing a paradigm-changing collaborative
funding mechanism to greatly accelerate progress against
cancer. This unprecedented new initiative, Stand Up To
Cancer (SU2C), was a collaboration between the AACR
and the Entertainment Industry Foundation to raise
money for breakthrough research and awareness about
cancer. The boldest SU2C initiative began a year ago,
with the award of four grants, including two Interception
(lung and pancreas) Dream Teams, bringing the total
number Teams (awarded since in 2009) to 22. Elizabeth
H. Blackburn, PhD, winner of the 2009 Nobel Prize in
Physiology or Medicine, authored a seminal 2011 article
on "cancer interception" published in Cancer Prevention
Research (3). Cancer Interception focuses on developing
technologies (to detect precancerous activity at an
earlier junction) and Interventions to halt its progression. The development of cancers, like heart disease, can
be intercepted with risk-reducing agents in the same way
that cardiovascular disease can be intercepted with antihypertensive agents, statins, and other interventions.
The AACR promotes education and training through
workshops, travel awards, and grants to students, postdoctoral fellows, and early-career investigators interested
in cancer prevention. The AACR advocates on behalf of
researchers, patients, and survivors to support increased
and sustained government funding for cancer research
and to guide biomedical funding as well as preventionrelated public policy. The AACR has established a Cancer

Prevention Standing Committee as the major initiative
under AACR President Elizabeth Blackburn, to identify
high-impact, compelling scientiﬁc opportunities in cancer prevention research and guide all AACR efforts dedicated to this ﬁeld.
To step back and reexamine the ﬁeld, AACR convened
70 global experts to a three-day summit charged with
identifying the ﬁve research priorities for further investment. Co-chaired by Drs. Ernest T. Hawk and Scott
M. Lippman, the summit covered the full spectrum of
research domains relevant to cancer prevention, ranging
from basic to population sciences and interception to
dissemination. Here, we present an integrated synthesis,
based on this comprehensive reassessment and foundation, of the top research priorities and aligned strategic
initiatives.
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The Promise of Prevention
One-third to one-half of cancer deaths are attributable to modiﬁable risk factors (pie chart) in western populations
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Figure 1.
The promise of prevention.

socioeconomic status individuals. High rates of
unhealthy lifestyles predict an epidemic of chronic
diseases above and beyond that caused by changing
demographics alone (10).
5. Some subpopulations carry a greater burden of
unhealthy lifestyle factors and/or exposures and
will bear the brunt of the consequent cancers
and other chronic diseases. Unhealthy lifestyle
patterns are occurring worldwide, particularly in
developing countries undergoing rapid economic
development. Most future cancer cases will
occur in low- and middle-income countries, and
yet these countries have limited resources to cope
with rising cancer occurrence. New approaches to
prevention are needed to reduce the projected
cancer incidence in currently underserved
populations (e.g., rapidly increasing rates of
hepatocellular cancer (HCC) and its precursor
nonalcoholic steatohepatitis (NASH; ref. 11) in
Hispanic populations linked to obesity and the
immigration wave from Latin America.
6. Cancer prevention has received greater
prioritization in the United States due to the
passage of the Patient Protection and Affordable
Care Act in 2010 with its emphasis on preventive
services. Although the future of the Affordable
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7.

8.

9.

10.

Care Act legislation remains uncertain, the shift
toward better health and wellness that the
legislation promoted may well be one of its
lasting legacies (12).
Prevention efforts have been bolstered by the growing
prominence of "value-based" health assessments
and care delivery. Such assessments have supported
the increased use of cancer prevention interventions,
resulting in changes to existing health care quality
assessment, guidelines, and reimbursement
standards.
Technological advances, such as biomonitors and
mobile devices with health applications, have the
potential to improve the quality of individual health
and health care systems. Real-time assessments and
electronic medical records systems can promote more
informed communications between institutions,
providers, and individuals.
The diversity of factors, underscored by HPV
vaccination uptake, including behavioral,
psychological, genetic, medical, religious, and social,
which inﬂuence cancer incidence and outcomes,
provide a range of opportunities for preventive
intervention.
The resistance of advanced/recurrent cancers to
therapy motivates efforts to identify and stop
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T0-T4 Research Results in Evidence-Based Clinical and
Public Health Actions that Inform Cancer Control
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Figure 2.
Translational research phases resulting in evidence-based clinical and public health actions to result in impactful cancer control.

cancers earlier. Cancer interception via early detection
and intervention may halt neoplastic progression
that could later progress to refractory cancer.

State of Cancer Prevention Science
Cancer control and clinical translation
Cancer prevention is beneﬁting from new scientiﬁc
discoveries, and some of these have been translated into
tools for risk assessment or risk reduction (13) along
pathways resembling those with which diagnostic or
therapeutic devices and drugs have been developed.
However, several factors differentiate translational pathways supporting prevention from those supporting
therapy. Prevention has generally focused on healthy or
relatively healthy populations, thus requiring greater
vigilance to avoid harm and to assess short- and longterm efﬁcacy. Typical clinical trials, however, do not
cover the longer time frame in which prevention could
occur before a cancer develops (14). Assessment of
preventive measures is further complicated by the lack
of consensus among patients, providers, and regulators
on what is a meaningful, measurable, and reproducible
"clinical beneﬁt" from prevention.
Nevertheless, the pathway from scientiﬁc discovery
(T0) to population health beneﬁt (T4) is reasonably
well-deﬁned (Fig. 2; refs. 15, 16). For example, development of a target-oriented, preventive intervention
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begins with the design and conduct of phase I and II
biomarker-driven clinical trials intended to establish a
safe and active dose for further testing (T1 research). T2
research follows, with design and conduct of phase III
trials. These trials compare an intervention to established
standard preventive regimens, or a placebo if no established preventive standard exists, to determine the relative beneﬁt of the experimental intervention in terms
of both safety and efﬁcacy. With sufﬁcient evidence of
value, FDA approval is requested. This developmental
process is conceptually straightforward, albeit challenging. Few examples of success exist in this pipeline,
however, thus discouraging private investments in
prevention.
Following FDA approval, preventive interventions must
be proven safe, potent, and cost effective in the general
population over longer durations through implementation-oriented, phase IV clinical trials. These trials gather
data on a much broader scope than the clinical trials in T3
research. Phase IV trials query the optimal populations,
practitioners, methods, and metrics to establish delivery
protocols and understand the range of expected outcomes.
The products of such research are incorporated into evidence-based reviews, curricula, best-practice algorithms,
guidelines, practice incentives, and quality/outcome measures. Through such evidence-based standards, implementation of preventive measures is optimized across the entire
population in T4.
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Given the diversity of evidence-based interventions
that can prevent cancer and promote health and wellness
across an entire population, as well as the variety and
number of institutions involved, we cannot catalog all
ongoing initiatives. The individual and cumulative
impact of such initiatives is difﬁcult to quantify, as are
the gaps in intervention delivery. Cancer control efforts
are further complicated if responsibility is broadly distributed, as in the United States, and no leader or single
funding agency has emerged. Finally, some cancer control actions may prioritize societal over individual needs,
resulting in inadequate support for individuals from
adopting evidence-based cancer control actions.
Downloaded from http://aacrjournals.org/cancerpreventionresearch/article-pdf/11/12/735/1935549/735.pdf by guest on 17 August 2022

Thus, the process by which evidence is developed to
support a novel preventive device or intervention is now
relatively clear. Development of such evidence is a growing priority for federal and private funding agencies. The
National Cancer Institute, Food and Drug Administration, Agency for Healthcare Research and Quality,
Patient-Centered Outcomes Research Institute, Centers
for Disease Prevention and Control, Centers for Medicare
and Medicaid, and most recently, Stand Up To Cancer
(SU2C) all have initiatives designed to advance this
research and its subsequent incorporation into evidence-based actions. For example, a national commitment to eradicate cancer by accelerating high-priority
research, including in prevention, early detection, and
disparities science, was launched in 2016 with the creation of the Cancer Moonshot initiative, signed into law
as part of the 21st Century Cures Act (17).
The T0-T4 research process encompasses discovery science, clinical/translational science, and population science, illustrates the challenges and opportunities in cancer
prevention and lies upstream of the discipline of cancer
control. This ﬁeld involves discovering, testing, validating,
implementation, dissemination, and evaluation of prevention strategies in domains spanning public policy, public
and professional education, and community-based clinical
and public health services. The cancer control discipline
aims to serve public health, with special attention being
given to addressing health disparities. Agencies involved in
cancer control activities range from large to small and
public to private, including government-based social policy, clinical, and public health agencies at the city, county,
state, national, and international levels; employers;
insurers; health and public health delivery organizations;
educational organizations at all levels; private foundations; professional and scientiﬁc organizations; and the
faith-based community. The latter can by illustrated by the
Fe en Acci
on–Church-based intervention, which was effective in increasing physical activity and decreasing body
mass index among Latina women (18).
Launched in 2014, the NCI Community Oncology
Research Program (NCORP) is a national network of
institutions, replacing NCI's previously supported community networks, and created to ensure that people
have access to clinical trials and the beneﬁts of the latest
research, regardless of where they live. In late 2015,
the NCI Division of Cancer Prevention (DCP) convened
a cancer prevention think tank chaired by Dr. Scott M.
Lippman to review the current state of cancer prevention research, identify key prevention research priorities
and trials that could be conducted within NCORP,
which has a major prevention focus within the DCP
(in contrast to NCI's NCTN). Priorities that emerged
include, a pre-cancer genome atlas (PreTCGA), HPV
vaccines, immune prevention of noninfectious origins,
and overdiagnosis (19).

Multi-omic, immune, and stem cell precancer biology
Multi-omic and immune proﬁling. The rate-limiting step in
cancer prevention has been our limited in-depth study and
understanding of the biology of cancer risk (e.g., obesity)
and precancer progression, in striking contrast to the
extensive study of cancer biology, driving breakthrough
advances in precision and immune therapy over the last
approximately 5–10 years.. The recent development and
application of engineered models, single-cell technologies,
and computational tools to study precancer biology is
beginning to uncover the immense tumor heterogeneity,
elucidate and map pathways and mechanisms that drive
neoplastic transformation, and identify molecular subgroups, launching a new era of precision and immune
prevention and interception. Large-scale longitudinal and
systematic mapping is critical to PCA initiatives. Further
complexity is the ﬁnding of prevalent driver mutations in
completely benign conditions, such as BRAF mutations in
benign nevi (20), and age-related early premalignancy
(such as clonal hematopoiesis), and esophageal epithelium from older people.
To implement feasible early detection and interception
strategies, it is imperative to understand the basis of
neoplastic progression and clearly delineate the underlying
biology of histologic lesions/conditions that predate
cancer, as well as the putative timelines from their initiation to the onset of invasive neoplasia. For example, in
certain cancers like glioblastomas and small-cell lung cancers, the absence of well-deﬁned precursor lesions makes
preventive strategies particularly challenging (21), while
even in lethal cancers like pancreatic ductal adenocarcinoma (PDAC), one can at least envision such a roadmap
because of the existence of two well-established precursors
and pathways (22, 23) to PDAC – the most common
(80%) involves microscopic precursor lesions known as
pancreatic intraepithelial neoplasia or PanIN, and the
other major subtype (10%) involves macroscopic (cystic;
principally mucinous) or intraductal papillary mucinous
neoplasms (IPMN)–precursor lesions, principally of
mucinous cysts of the pancreas. The cell of origin for both
precursor types is different (24), although both harbor
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signiﬁcantly increased the rate of fatal infections and sepsis,
but the striking difference in lung cancer rates drew immediate attention and set in motion plans by Novartis for a
follow-up phase I study of the combination of canakinumab and a programmed cell death protein 1 (PD-1)
inhibitor in patients with non-small cell lung cancer
(www.clinicaltrials.gov). The relationship between inﬂammation and cancer is complicated, with features of inﬂammation that range from adaptive to maladaptive (49). In
general, chronic inﬂammation has long been implicated in
the genesis and promotion of tumors following inﬂammatory lung, bowel, and liver disease. A speciﬁc role for
IL-1b is suggested by preclinical studies. In mice, IL-1b
decreases tumor invasion, growth, and metastases (50). IL1b also stimulates production of IL-6, a well–established
mediator of tumor growth in experimental systems. The
anti–IL-6 antibody siltuximab has not produced beneﬁt in
multiple myeloma but is FDA-approved for the treatment
of idiopathic multicentric Castleman disease (51). Anti–
inﬂammatory drugs might have the opposite effect of
dampening the immune response to tumors, and this
consideration, in fact, prompted the investigators in the
lung trial to record data on cancer incidence and death as a
secondary aim of the trial (46). Speciﬁcally, a proinﬂammatory inﬁltrate comprised of cytotoxic T cells, Th cells,
and dendritic cells was progressively depleted and replaced
with an immunosuppressive myeloid-derived suppressor
cell inﬁltrate during neoplastic progression. Such studies
suggest that immune interventions are more effective in the
setting of inherent immunity to driver signals (e.g., see
SOX2 below), to boost host immune response. Such
studies suggest that immune-based intervention may have
value when applied in a preventive context, potentially
"normalizing" the immune suppressive milieu back to one
where the neoplastic cells are "rejected" by a productive
immune inﬁltrate. In preclinical models, vaccination
against aberrantly expressed or mutated self-proteins prevented inﬂammation-induced colon cancer (52), ductal
carcinoma in situ and HER2þ/ER breast cancer (53), and
progression of (PanIN; ref. 54). Vaccination has also been
shown to block tumor development in transgenic animal
models that develop spontaneous tumors (55).
Commensal microbiota can inﬂuence cancer initiation
and progression in tissues such as the colon that are in
direct contact with gut microbiota (56), as well as in other
tissues without such contact (57). Recent computational
studies have identiﬁed microbiome genomic signatures
associated with NASH progression (58). The pancreatic
microbiome promotes oncogenesis in preinvasive spontaneous and engineered mouse models by induction of
innate and adaptive immune suppression. Speciﬁc strains
of gut and intratumoral bacteria induce an immunosuppressive microenvironment favoring oncogenic progression (59). Ablation of the microbiome with antibiotics
reshapes the tumor microenvironment (TME), inducing
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oncogenic point mutations of KRAS as the common deﬁning genetic alteration, but PanINs acquire subsequent p16
or p53 loss, while IPMNs also harbor "hotspot" oncogenic
mutations of GNAS that encodes for the alpha subunit of a
stimulatory G-protein. The recent development
of genetically engineered models of IPMN provides a
unique opportunity to test these paradigms of immune
prevention in systems that phenocopy the human disease
(25, 26).
Multiple studies have shown that even "apparently sporadic" cancers can occur on the backdrop of unsuspected
germline mutations (27–30). As a result, the National
Comprehensive Cancer Network recommends genetic testing for all cases of ovarian cancer and is now pivoting
toward universal germline genetic testing for pancreatic
cancer with the intent of "cascade testing" ﬁrst-degree
relatives who might also harbor unsuspected germline
mutations and thus, be candidates for screening and cancer
interception. Further rationale for this approach in pancreatic cancer is the devastating outcome and recent signals
of beneﬁt from surveillance (31, 32).
Elucidating molecular and cellular drivers of precancers
is critical to developing precision and immune prevention.
The complexity, diversity and pathways of precancer development and transformation causes great intra- and intertumor heterogeneity and individual variation. Emerging
molecular and cellular studies exploiting advanced bigdata approaches are beginning map this complexity (33).
Recent studies of colorectal and myeloproliferative neoplasia highlighted below have identiﬁed premalignant
genomic subgroups, critical to reﬁning preventive screening, risk stratiﬁcation, and target identiﬁcation (34). Precision prevention may account for disease heterogeneity
(35, 36) with interventions tailored to precancer biologic
subgroups (37). Current data suggest that cancer develops
as a consequence of progressive genomic and epigenomic
alterations (38, 39), which can drive immune escape and
occur in the context of an inﬂammatory microenvironment. Recently, HCC precursor progression was mechanistically linked to defects in innate and adaptive immunity (40–43). Macrophage PI3Kg drives PanIN progression
(44). Single-cell transcriptomic analysis of IPMNs demonstrated progressive alterations in the immune microenvironment from low-grade dysplasia to invasive cancer (45).
Unraveling the mechanisms of innate and adaptive
immune downregulation in inﬂammatory subsets of lung
premalignancy is already identifying potential immune/
inﬂammatory prevention targets such as interleukin-1b
inhibition, recently been shown to reduce lung and other
cancer incidence (46–49). Furthermore, metformin alleviates tumor inﬂammation by reducing the expression of
inﬂammatory cytokines including IL-1b as well as inﬁltration and M2 polarization of tumor-associated macrophages (TAMs) in vitro and in vivo (48). Canakinumab
targeting the interleukin-1b innate immunity pathway,
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Stem cell signals in cancer development and interception. In
addition to breakthrough advances in omic and immune
precancer biology, recent studies identiﬁed stem cell/progenitor signals and reprogramming that drive oncogenesis
(74) and revealed the potential of targeting stem cell
pathways to prevent malignant transformation. Musashi
(Msi) is a key stem cell signal upregulated during pancreas
oncogenesis and genetic loss or blockade of Msi can inhibit
tumor growth and propagation. Msi knock-in reporter
mice allowed functional and image-based tracking/mapping of stem cell signals, revealing that Msi was a key driver
of PanIN progression (75).
Elegant studies of luminal stem/progenitor cell biology
have created a transformative potential to prevent/delay
BRCA1-associated breast cancer, a disease for which the
best current preventive option is prophylactic surgery. A
highly proliferative subset of luminal progenitor cells give
rise to basal-like breast cancer, which constitutively express
RANK and are hyper-responsive to RANK-L (produced by
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mature luminal cells that express PR), a key mediator of
progestin-driven mammary tumorigenesis, before transitioning to a hormone-independent (e.g., NFkB activated)
state. RANK-L/RANK signaling also can inﬂuence innate
and adaptive immunity. Pharmacologic RANK-L inhibition (or RANK deletion) in mouse models inhibits Brca1driven mammary tumorigenesis (76–78). Targeting
RANKL directly is more selective and less toxic than targeting ER or NFkB to prevent mammary cancer in the BRCA1mutation setting. Denosumab (a RANK-L mAb inhibitor
FDA approved in 2010 for treating postmenopausal osteoporosis and preventing skeletal events) is in development
for breast cancer prevention trial in BRCA1-mutation carriers, based on the above research and recent clinical data
indicating that risk-reducing salpingo-oophorectomy is
ineffective in this setting.
Studies of stem cell biology in hematologic neoplasia
also identiﬁed stem cell targets for interception. Recent
data in the leukemic precursors myeloproliferative neoplasms (MPN) have identiﬁed distinct genomic subgroups,
deﬁned by genetic driver mutations (e.g., in JAK2, CALR,
and MPL) that predict leukemic transformation (79).
Inﬂammatory cytokine-mediated activation of JAK2/STAT
signaling enhances expression of an RNA editing enzyme
adenosine deaminase acting on RNA (ADAR1), and
deregulated ADAR1 activity leads to hyperediting of tumor
suppressors that are associated with preleukemia stem cell
transformation (80). JAK2 inhibition blocks ADAR1 transcriptional activation, which could prevent oncogenic
transformation of preleukemic progenitors into selfrenewing leukemia stem cell in MPNs. MPN studies also
uncovered germline–somatic interactions driving premalignant progression (81, 82). ADAR1 editase activity can
also drive epithelial oncogenesis (83). Stemness has also
been reported to mediate high-fat diet–induced intestinal tumorigenesis (84). Search for shared targets of
immune response led to the ﬁnding that T cells against
stem cell antigens (such as SOX2) are particularly
enriched in myeloma precursors (versus multiple myeloma). Prospective data demonstrate that baseline
SOX2-speciﬁc T-cell immunity correlates with reduced
rates of progression and transformation to multiple
myeloma in patients with asymptomatic myeloma precursor states (85).
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T-cell activation, improving immune surveillance, and
increasing sensitivity to immune interception (60, 61)
while depletion of the gut microbiome promoted the
efﬁcacy of immunotherapy in established tumor models
(62). Age-associated changes in gut commensal microbes
may be a mechanism of the age-related cancer (63). Recent
computational studies have identiﬁed microbiome genomic signatures associated with precancer progression and
germline inﬂuence on shaping the somatic and immune
landscape (64, 65).
The use of liquid biopsies for cancer detection and
monitoring is rapidly changing standards of care, and
technical advances improving sensitivity can detect low
levels circulating tumor DNA among patients with earlystage cancer, in the post resection adjuvant setting and even
isolated precancer cases (66), suggesting the potential of
blood-based molecular screening for early, preinvasive
stages of neoplasia from a variety of tissues. The process
by which molecules carrying precancer mutations may
be transmitted into the circulation are unclear but may
include both cell-free DNA and membrane-bound extracellular vesicles, including exosomes (67, 68). Detection
of precancerous traces of diverse cancers in the blood
represents a growing area of research, although it needs
to be balanced with the concerns for overdiagnosis of
indolent precursor lesions or the release of mutant DNA
from clonal hematopoiesis or aging tissues (69). The
latter is illustrated by ultra-deep NGS detection of tiny
"premalignant" clones in the blood of up to 95% of
healthy women in their 50s (70). Methylation and
proteomic marker panels have produced promising early
detection results (71, 72). Remarkably, it was very recently demonstrated that methylation patterns on circulating
tumor DNA could further implicate the site at which the
tumor was developing (73).

Colorectal adenoma–carcinoma model. Studies in this setting illustrate many of the advances in elucidating precancer omic, germline, immune, and stem cell biology. It
has taken almost three decades to obtain a detailed annotation of the genomic events initially described in the
seminal multistep genetic model by Vogelstein and
Fearon (86). Until recently, most of the studies conducted
in colorectal precancers interrogated restricted numbers
of lesions and genomic aberrations. Deployment of
next-generation sequencing (NGS) technologies has
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the somatic variation cooperating with APC in colorectal
carcinogenesis. The central role of the gut microbiome in
FAP is shown by the interplay between enterotoxigenic
Bacteroides fragilis and IL17 in the adenoma to carcinoma
transition (59). The other major oncogenic pathway is
illustrated by Lynch syndrome, caused by germline DNA
mismatch repair (MMR) defect, which induces a fundamentally distinct APC mutation (frameshift), a model for
12% of sporadic hypermutant colorectal cancers. Lynch
syndrome accounts for 4% of CRC diagnoses and has a
lifetime CRC risk of 6% (94). The incremental 5-year risks
of CRC are age-dependent, ranging from 0.5–1.0% in
people age >50 years old. Defects in DNA repair generate
exponential accumulation of point mutations at microsatellites tracts, generating neoantigens and accelerating
carcinogenesis (92, 95). Whole-genome transcriptomics in
Lynch syndrome premalignancy found activation of CD4 T
cells and immune checkpoints (LAG-3 and PD-1), independent of the acquisition of hypermutation, likely linked
to the neoantigen repertoire derived from MMR deﬁciency
(96). Prior reports have cataloged the neoantigen repertoire displayed by MMR-deﬁcient carcinomas (97), immunogenicity elicited by such neoantigens in T cells, and novel
mechanisms of immune escape in Lynch syndrome carriers
(98, 99). Reﬁnement of bioinformatic tools coupled with
NGS technologies will allow a more precise deﬁnition of
the neoantigen repertoire presented in premalignancy by
both MHC-I and II to guide the personalized vaccine
development for cancer interception (100, 101).
Recent translation of hereditary to sporadic precancers
applied the colorectal cancer–speciﬁc consensus molecular
subclassiﬁcation (CMS; ref. 96). The CMS has changed the
prognostic landscape of colorectal cancer (102), describing
four transcriptomically distinct subgroups: CMS-1, which
recapitulates MMR-deﬁcient tumors and CMS-2, -3, and -4,
subdividing the broad molecularly diverse chromosomeinstable group. Chromosome-unstable colorectal cancers
depend on WNT activation (CMS-2), metabolic (e.g., fructose, glutamine, and fatty acid) pathway deregulation
(CMS-3), and epithelial–mesenchymal transition (CMS4). CMS-1 and -2 were the main subgroups identiﬁed in
colorectal precancers with small (<5%), but biologically
relevant CMS-3 and -4 subtypes. CMS-1 lesions tend to
display a serrated appearance with activation of immune
pathways (PD-1 activation and immune signals) and
BRAF mutations. Subsequent studies will have to link
this classiﬁcation to samples from prospective cohorts
with long-term follow-up to connect CMS subtypes with
colorectal cancer risk and adapt the CMS classiﬁer to
premalignant biology and the transcriptomic signals that
drive transformation.
Preventive agent trials in the colorectal adenoma-carcinoma model have produced major advances. Aspirin is an
example of a repurposed preventive compound with consistent 20% to 30% reductions in colorectal adenoma
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transformed our understanding of the genomic landscape
of precancers (87). Whole-exome sequencing analyses of
small adenomas from patients with familial adenomatous
polyposis (FAP) have established a catalog of >200 somatic
hits; hints of clonal selection and mutational rate that
overlapped with early-stage carcinomas. In fact, 25% of
the mutational load present in adenomas (all passenger
mutations) was already present in normal samples, providing direct evidence that a substantial proportion of the
genomic variation present in colorectal cancers is present
prior to the acquisition of a driver event in at-risk tissues,
probably secondary to the self-renewal process generated
by stem cells. IL-1b may promote colon tumor invasion
through activation of cancer stem cell self-renewal and
epithelial-mesenchymal transition, and Zeb1 plays a critical role in these two processes. Thus, IL-1b and Zeb1 might
be new therapeutic targets against colon cancer stem cells.
Host/microbiome interactions are important in premalignant biology and add another layer of TME complexity.
Studies in genetically engineered mouse models have
found that APC loss disrupts the intestinal epithelial barrier, facilitating invasion of microbes and microbial nucleic
acids that activate adenoma-associated macrophages to
produce IL-23, which then stimulates IL-17 production by
T cells, accelerating adenoma development and progression. Bacterial translocation can activate toll-like receptors
that can upregulate other inﬂammatory elements. These
barrier defects drive an environment of innate inﬂammation that leads to adenoma proliferation in a background
of an immunosuppressive TME (88). Additional studies
have been published subsequently annotating unique sets
of samples with growth rates assessed by CT colonography
and proﬁled from parafﬁn (89) or analyzed by orthogonal
analyses integrating mutation, copy number, and methylation data (90).
The available data on the genomic annotation of intestinal carcinogenesis and precancers has come mainly from
hereditary colorectal cancer syndromes, which recapitulate
the two major pathways in sporadic colorectal cancer:
chromosomal instability (non-hypermutant) and mismatch repair deﬁciency (hypermutant). Advantages of
studying precancer biology in hereditary cancer syndromes
includes: (i) accelerated pace of carcinogenesis, (ii) relative
abundance of tissue to perform analysis, and (iii) frequent
and close surveillance. FAP, a very severe and rare disease
caused by a germline mutation in APC, is a molecular
model for the most common (85%) sporadic colorectal
cancer characterized by chromosomal instability (91).
Colorectal carcinogenesis is accelerated in FAP due to
faster acquisition of somatic APC hits; subsequent
somatic driver mutations (e.g., KRAS/BRAF and TP53)
occur at a normal pace (92). In fact, the initial descriptions
in 2016 of the genomic landscape of colorectal precancers
using NGS technologies leveraged biorepositories of
FAP samples (93). These studies provided a catalog of
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The Course of Cancer and Levels of Prevention
Onset of cancer-associated
symptoms/clinical diagnosis
of cancer

Onset of cancer
pathogenesis
Exposure to
potential
carcinogen(s)

Disease status

Susceptible without cancer

Asymptomatic with precancer or cancer

Possible preventive
interventions

• Healthy lifestyle choices
– Tobacco avoidance
– Nutritious foods
– Physical activity
– Weight management
– Limited UV exposure
• Anti-cancer vaccines
• Chemopreventive agents
(e.g., sulforaphane) to
boost phase II enzymes,
reducing carcinogens’
adverse effects

• Screening with surgical removal of cancer
precursors
– Mammography followed by surgical
resection of precursor lesions (e.g.,
DCIS)
– Colposcopy followed by LEEP removal
of CIN-3 lesions
– Colonoscopy followed by polypectomy
– Low-dose CT followed by pulmonary
nodule resection
• Interceptive chemopreventive agents

Level of prevention

Primary

Secondary

Tertiary

Identify neoplastic disease early, followed
by deﬁnitive treatment

• Maintain quality-of-life
• Reduce complications
• Preserve physical, mental,
and social functioning

• Promote health
• Reduce impact of
carcinogens
• Reduce risk factors

• Healthy lifestyle choices
– Tobacco avoidance
– Nutritious foods
– Physical activity
– Weight management
• Assistive devices to
maintain function
• Monitoring
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Preventive goals

Clinical cancer

Figure 3.
The course of cancer and levels of prevention.

incidence and colorectal cancer risk and mortality in a large
array of observational and experimental studies. Clinical
beneﬁt has been established in RCTs in the sporadic and
Lynch syndrome setting. Regular aspirin use may also
complement the beneﬁts of screening. Prospective cohort
studies suggest that the aspirin's reduction of colorectal
cancer risk could be mediated in part by prostaglandin
catabolism, MYC, PIK3CA mutations, and immune
response in the TME. Cohort and preclinical data suggest
interactions between aspirin use, germline variants, and
somatic mutations on colorectal cancer risk (103), illustrating the potential of predictive biomarkers and precision
prevention. The USPSTF has recommended aspirin in
individuals ages 50–59 and a 10% 10-year risk for cardiovascular events, noting additional beneﬁts of reductions in
colorectal cancer with long-term use. The balance of beneﬁts and harms may change substantially with age, because
the risk of major bleeding risk increases with age. For that
reason, the USPSTF rated the evidence "Insufﬁcient" (I) for
adults age 70 or older. In the future, recommendations for
use may be reﬁned according to germline genotypes, phenotypic biomarkers, or speciﬁc clinical situations.
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The clinical impact of prevention agent combinations is
illustrated by the breakthrough trial sulindac and erlotinib,
which reduced the occurrence of duodenal adenomas
(104–106). Recent transcriptomic and other correlative
science studies from this landmark-positive randomized
trial in FAP identiﬁed molecular targets and innate
immune pathways mediating sulindac–erlotinib suppression of duodenal polyposis; and Kras mutations attenuated sulindac efﬁcacy in mouse models, with implications
for precision prevention (107).
Paradigm-changing work in Lynch syndrome has
led to universal tumor testing for microsatellite instable
(MSI)-positive as a screen for Lynch syndrome, recommended for all colorectal cancers by multiple professional organizations, including the American
College of Gastroenterology, the U.S. Multi-Society Taskforce on Colorectal Cancer, and the NCCN. The Society
for Gynecologic Oncology and the American College
of Obstetrics and Gynecology have likewise recommended universal testing of all endometrial cancers for
MSI-positive as a screen for Lynch syndrome. Despite
these recommendations, implementation of universal
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Primary prevention
Primary prevention is focused on reducing cancer
incidence by avoiding carcinogen exposure. Interventions are intended to remove, avoid, or increase resistance to a risk factor or carcinogenic exposure. Interventions include those for use in apparently healthy
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individuals to prevent initiation of carcinogenesis, for
example, preventing smoking initiation and avoiding
UV exposure. A striking example of a molecular prevention intervention is immune interception with HPV
vaccination. Nonetheless, the use and deﬁnition of
molecular prevention is currently evolving. Molecular
prevention may also be applied in a secondary context
(Fig. 3) to slow further progression. Study of cancer
genomic landscapes, imprinted during the process of
cancer development, has revealed >30 distinct mutational signatures (cancer.sanger.ac.uk/cosmic/signatures), indicative of exposure to preventable carcinogens (e.g., tobacco, UV light, and aﬂatoxin), and identifying previously unknown carcinogens (112, 113). The
application of NGS to tumors has major and unexpected implications for primary prevention, as highlighted
by a recent study of aristolochic acid (AA), a compound
found in certain traditional herbal medicines. A provocative recent study utilizing this technology and
approach on established cancers identiﬁed AA, a very
potent human carcinogen commonly found in certain
plants and herbs, to cause 78% of liver cancer in Taiwan
and 47% of liver cancer in China. The Singapore team
that led this study received the recent AACR teamscience award. Especially in light of the wide availability of AA-containing plants and herbs, education and
public awareness are paramount for primary prevention. For instance, research on AA revealed a potential
role for AA exposure in the development of liver cancer.
This ﬁnding both increased public awareness of the
risks of AA exposure and led regulatory agencies to
announce stricter policies on use of AA-containing
plants. For example, the same research team identiﬁed
major genetic abnormalities in stomach cancers, a leading cause of global cancer death, and were able to
translate these ﬁndings into clinical trials targeting these
abnormalities. They also showed how parts of DNA
affected by carcinogens can be used as screening tools
to identify previously undetected carcinogen exposures
(114).
Lifestyle-related and environmental exposures contribute to and, in some cases, drive the bulk of cancer incidence
and cancer-related deaths worldwide (5). Many of these
factors are modiﬁable through actions that may be taken to
reduce exposures to noncritical levels at the individual and/
or population levels (Table 1). In the context of tobacco,
primary prevention at the individual level would be
avoidance of tobacco use, whereas primary prevention
at the population level would be implementation of a
tobacco control program consisting of policy changes,
education, and delivery of cessation services to reduce
exposure broadly (115).
To capture the status and opportunities related to primary prevention, ﬁve areas are analyzed in the information
to follow.

Cancer Prevention Research

Downloaded from http://aacrjournals.org/cancerpreventionresearch/article-pdf/11/12/735/1935549/735.pdf by guest on 17 August 2022

tumor screening has been challenging. A recent study
found that <30% of colorectal cancers were screened for
Lynch syndrome at the time of diagnosis. The recent
clinical impact and FDA approval of a PD-1 inhibitor
in all metastatic MSI-positive cancers will likely increase tumor testing in this setting. New data indicate
the value of up front NGS tumor testing to potentially
replace immunohistochemical staining for MSI, when the
cost and turnaround time of such testing improve (108).
Given the great impact of PD-1 inhibitors in MSI-positive advanced cancers (both Lynch syndrome and sporadic
MSI-positive; ref. 109), immune interception is beginning
to be studied in Lynch syndrome. Translating immune
therapy to cancer interception strategies in LS carriers is
attractive based on 2 factors: healthy (no precancers or
cancers) Lynch syndrome carriers are at higher cancer risk
than the general population (with 5-year cancer rates of
5–14%; ref. 110), and have evidence of host T-cell immunity (which predicts beneﬁt from interventions to boost
host immunity). More complex biologic and ethical issues
and concerns exist with translating the PD-1 inhibitor
Lynch syndrome therapeutic success to the prevention
setting, due to the need to balance the unknown longterm risks (e.g., autoimmune serious adverse effects) with
the potential for cancer prevention. In MLH1 & MSH2
mutation carriers, the risk of colorectal cancers plus adenomas is ~30% within ﬁve years after the original surgery,
and 50% within 15 years. In the same Lynch syndrome
carriers, prior colorectal cancer resection increases 5-year
risk to 48–58% (all ﬁgures are age dependent). These
issues are illustrated by a cutting edge ongoing immune
interception trial (NCT03631641) of PD1 blockade in a 23 fold higher-risk Lynch syndrome colorectal cancer survivor population (prior resected colorectal cancer at least
one year before trial eligible, and higher risk MMR gene
defects, MLH1 or MLH2 carriers). An international trial is
testing a cancer vaccine in healthy Lynch syndrome carriers.
It is well-known that African Americans suffer the highest
burden from colorectal cancer of all race–ethnicities in the
U.S. However, familial risk of colorectal cancer has not
been well-studied among African Americans. A relatively
large study characterized the mutation spectrum and colorectal cancer risk among 51 African American families with
the Lynch syndrome. The authors reported that among
African Americans, the predominant phenotype was MLH1
(61%) followed by MSH2 (21%), whereas among Caucasians with Lynch syndrome in the literature, the predominant phenotype is MSH2 followed by MLH1 (111).
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Youth (high school
students)

Adult

Heavy drinking

17.7 (2015)

5.9 (2015)
Montana, 20.7

D.C., 9.1

West Virginia,
18.8

Virginia, 11.0

West Virginia, 3.5

Utah, 4.4

Clinicians screen adults 18 &
provide behavioral counseling
interventions for alcohol
misuse

(Continued on the following page)

Women: No more than 1
drink per day

Men: No more than 2 drinks
per day

Privatization of retail alcohol
sales (recommended against)

Enhanced enforcement of laws
prohibiting sales to minors

Maintaining limits on days &
hours of sale

Regulation of alcohol outlet
density

Dram shop liability

Incentives & competitions to
increase smoking cessation
combined with additional
interventions (among
workers)
Increasing alcohol taxes

Community mobilization with
additional interventions
(restricting minors' access)

Reducing client out-of-pocket
costs for cessation therapies

Quitline interventions

Mobile phone-based
interventions (cessation)

Electronic screening and brief
interventions (may be used in
various community settings as
well)

10.8 (2014)

Mass-reach health
communication interventions
(cessation)

Youth (high school
students)

Primary care clinicians provide
interventions, including
education or brief counseling,
to prevent initiation of
tobacco use among schoolaged children & adolescents

Smoke-free policies

Utah, 9.7

15.1 (2014)

Adult
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West Virginia,
26.7

Related evidence-based cancer control actionsb
For the community
For the clinic
Increasing the unit price of
Provider reminders when used
tobacco products
alone or with provider
education (cessation)
Mass media campaigns when
combined with other
interventions

population levels

Table 1. Prevalence of factors that modify the risk of cancer in the United States along with relevant cancer preventive actions at the personal and
Average
States with highest and lowest
national
prevalence
Related evidence-based
Related USPSTF/ACIP
prevalence Highest
personal actionsa
Risk modiﬁer
Lowest
recommendation
Cigarette smoking
Avoid or eliminate tobacco
Clinicians ask about tobacco use,
use
advise to stop, & provide
behavioral interventions &
FDA-approved
pharmacotherapy for
cessation (the 5A's model)
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Lack of physical
activity

22.1 (2014)

Mississippi, 31.4

Colorado, 16.4

(Continued on the following page)

Doing some physical activity
above usual activities, no
matter what one's level of
activity, can have many
health beneﬁts

Limit sedentary behavior
such as sitting, lying
down, watching TV, and
other forms of screenbased entertainment

Children: at least 1 hr of
moderate or vigorousintensity activity/d, with
vigorous activity on at
least 3 d/wk

Adults: at least 150 min of
moderate intensity or 75
min of vigorous intensity
activity/wk

Point-of-decision prompts to
encourage use of stairs

Creating or improving places for
physical activity

Built environments

Community-scale urban design
and land use policies

Enhanced school-based physical
education

Social support interventions in
community settings

Individually adapted health
behavior change programs

Community-wide campaigns

Health communication and
social marketing: campaigns
that include mass media and
health-related product
distribution

Meal and fruit and vegetable
snack interventions to
increase healthier foods and
beverages provided by
schools
Family-based interventions

Multicomponent interventions
to increase availability of
healthier foods and beverages
in schools

Multicomponent coaching/
counseling interventions to
reduce weight & to maintain
weight loss

Worksite programs

Related evidence-based cancer control actionsb
For the community
For the clinic
Behavioral interventions to
reduce recreational,
sedentary screen time
(children 13 years old)

population levels (Cont'd )
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Get regular physical activity
and limit intake of highcalorie foods and drinks as
keys to help maintain a
healthy weight

Table 1. Prevalence of factors that modify the risk of cancer in the United States along with relevant cancer preventive actions at the personal and
Average
States with highest and lowest
national
prevalence
Related evidence-based
Related USPSTF/ACIP
prevalence Highest
personal actionsa
Risk modiﬁer
Lowest
recommendation
BMI  30
Be as lean as possible
Clinicians screen adults &
throughout life without
children 6 for obesity & offer
Adult
29.8 (2014) Louisiana, 36.2
Colorado, 20.2
being underweight
or refer to intensive,
multicomponent behavioral
Avoid excess weight gain at
interventions
Youth (high school
13.9 (2015)
Mississippi, 13.9
10.3, Montana
all ages
students)
For those who are
overweight or obese,
losing even a small
amount of weight has
health beneﬁts and is a
good place to start

Lippman et al.
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66.4 (2014)

73.0 (2014)

82.6 (2014)

Mammography

Pap test

7.3 (2015)

Use of indoor tanning bed
(high school students)

Screening for colon cancer

55.8 (2015)

8.9 (2013)

1 sunburn in previous year
(high school students)

Moore et al, MMWR
2015:64:709-25

Vegetable intake (2.5-3
cups/d)

Massachusetts,
88.0

Massachusetts,
88.0

Massachusetts,
76.5

N/A

N/A

California, 13.0

Idaho, 76.2

Idaho, 62.5

Wyoming, 56.9

N/A

N/A

Mississippi, 5.5

Screening for cervical cancer in
women ages 21 to 65 with Pap
smear every 3 years or, for
women ages 30 to 65 who
want to lengthen the
screening interval, screening
with a combo of Pap smear &
HPV testing every 5 years

Biennial mammography for
women ages 50 to 74

Clinicians counsel children,
adolescents, & young adults
aged 10 to 24 who have fair
skin about minimizing UV
exposure
Screening for colorectal cancer
starting at age 50 &
continuing until age 75

Clinicians counsel children,
adolescents, & young adults
aged 10 to 24 who have fair
skin about minimizing UV
exposure

(Continued on the following page)

Follow a cancer screening
program

Know your family history

Do not use tanning beds

Choose whole grains instead
of reﬁned grain products
Avoid excessive UV
exposure

Limit how much red &
processed meat you eat

Eat at least 21/2 cups of fruit
and vegetables each day

Choose whole grains instead
of reﬁned grain products
Eat a healthy diet, with an
emphasis on plant-based
foods

Limit how much red &
processed meat you eat

Eat at least 21/2 cups of fruit
and vegetables each day

Provider reminder & recall
systems

Client reminders

Reducing structural barriers
(breast & colon only)

Reducing client out-of-pocket
costs (breast only)

Group education (breast only)

One-on-one education

Small media

Provider assessment & feedback

Multicomponent interventions

Multicomponent communitywide interventions

Education & policy approaches
in primary & middle school
settings and in outdoor
recreational & occupational
settings
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Moore et al, MMWR
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Table 1. Prevalence of factors that modify the risk of cancer in the United States along with relevant cancer preventive actions at the personal and population levels (Cont'd )
Average
States with highest and lowest
Related USPSTF/ACIP
Related evidence-based cancer control actionsb
national
prevalence
Related evidence-based
recommendation
prevalence Highest
personal actionsa
Risk modiﬁer
Lowest
For the community
For the clinic
Fruit intake (2 cups/d)
13.1 (2013)
California, 17.7
Tennessee, 7.5
Eat a healthy diet, with an
emphasis on plant-based
foods

AACR Cancer Prevention Summit White Paper
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0.7 per
100,000

0.1, Missouri,
Nebraska &
South
Carolina

West Virginia, 3.4

Use preventive medicines &
vaccines

Standing orders when used
alone

Provider reminders

Provider assessment & feedback

Immunization information
systems

cancer control actionsb
For the clinic
Health care system-based
interventions implemented in
combination

NOTE. All data from the CDC's 2015 National Health Interview Survey, Behavioral Risk Factor Surveillance System, Youth Risk Behavior Surveillance System, or their Division of Viral Hepatitis Statistics and Surveillance
System, unless otherwise noted.
Abbreviations: ACIP, Advisory Committee on Immunization Practices; USPSTF, United States Preventive Services Task Force; UV, ultraviolet.
a
On the basis of established cancer prevention recommendations from the American Cancer Society and the American Institute for Cancer Research/World Cancer Research Fund.
b
Actions taken from the Guide to Community Preventive Services (the Community Guide) https://www.thecommunityguide.org/.
Modiﬁed from refs. 2, 4.

Hepatitis C (reported cases
of acute infection)

Community-based interventions
implemented in combination

Vaccination requirements for
child care, school, & college
attendance

Client reminder & recall systems
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Hepatitis B vaccination is
recommended for all
unvaccinated adults at risk for
HBV infection & for all adults
requesting protection from
HBV infection
Screen for HBV infection in
persons at high risk for
infection & at the ﬁrst prenatal
visit for pregnant women
Screen for HCV infection in
persons at elevated risk for
infection & offer one-time
screening to adults born 19451965

Table 1. Prevalence of factors that modify the risk of cancer in the United States along with relevant cancer preventive actions at the personal and population levels (Cont'd )
Average
States with highest and lowest
Related USPSTF/ACIP
Related evidence-based
national
prevalence
Related evidence-based
recommendation
prevalence Highest
personal actionsa
Risk modiﬁer
Lowest
For the community
HPV vaccination
Girls: 41.9
Girls: Rhode
Girls: Mississippi, Use preventive medicines & Vaccination at 11 or 12 years old, Home visits to increase
Island, 68.0
24.4
vaccines
can begin as early as 9 years
vaccination rates
old
Reducing client out-of-pocket
Reagan-Steiner et al, MMWR Boys: 28.1
Boys: Rhode
Boys: Tennessee,
2 doses 6 mo apart for those
costs
2016;65:850-58
(2015)
Island, 58.1
16.0
aged <15
Vaccination programs in schools
3 doses at 0, 1-2 mo, 6 mo for
& organized child care centers
those aged 15
Vaccination programs in WIC
HBV vaccination
72.4 (2014) North Dakota,
Vermont, 48.4
Use preventive medicines & Universal vaccination of infants;
settings
Hill et al, MMWR
88.4
vaccines
vaccination is recommended
2015;64:889-96
for all children & adolescents Client or family incentive
rewards
aged <19

Lippman et al.
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Obesity, energy imbalance, and physical inactivity. Recent
ﬁgures are striking, with 120 million obese children and
adolescents and 640 million adults estimated worldwide.
Approximately 20% to 33% of cancer-related deaths in
Western populations are attributed to obesity, poor diet, or
sedentary lifestyles (120). An absence of excess body fat
lowers the risk of cancer at 13 organ sites (121). Recommendations are to be as lean as possible, without becoming
underweight (122). Nonetheless, if current trends in reducing tobacco use continue, energy imbalance and obesity
will soon become the dominant, modiﬁable cancer risk
factor in the United States, as roughly two-thirds of adults
(120) and 32% of youth in the United States are overweight or obese (123). More than half of adults (124) and
30% of children ages 6 to 11 do not participate in the
recommended levels of physical activity (125). Because
increased physical activity can reduce the risk of cancer
(126), the U.S. Surgeon General has called for action
involving evidence-based strategies for increasing individual physical activity. Current recommendations suggest 30
minutes of moderate-intensity physical activity at least ﬁve
days per week, 20 minutes of vigorous-intensity activity at
least three days per week, or some combination of the two
(127). NCI scientists found that leisure-time physical activity
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was associated with lower risks of 13 cancer types (esophageal adenocarcinoma, liver, lung, kidney, gastric cardia,
endometrial, myeloid leukemia, myeloma, colon, head and
neck, rectal, bladder, and breast). Most of these associations
were evident regardless of body mass index or smoking
history. These ﬁndings conﬁrm and extend the evidence for a
beneﬁt of physical activity on cancer risk and support its role
as a key component of population-wide cancer prevention.
An NCI-funded international study demonstrated that people exposed to activity-supportive neighborhoods were far
more likely to participate in physical activity than people
exposed to less supportive neighborhoods, and estimated
that two million lives could be saved annually worldwide
with a focus on building environments designed for people
to move. This is a challenge, because most cities are designed
for cars, not for people to move. Globally, this work has
contributed to initiatives by the WHO and others to guide
policies promoting active environments. Nationally, this
work was cited as part of the CDC's guide to community
preventive services endorsement of built environment strategies for promoting health (128).
Dietary changes may also reduce cancer risk. Seventysix percent of adults in the United States do not meet
government recommendations for daily fruit intake, and
87% do not meet vegetable intake recommendations
(129), behaviors that are particularly disproportionate
in racial and ethnic minorities and low socioeconomic
status groups.
Evidence-based recommendations indicate that optimal
energy balance requires (i) limited portion sizes, (ii) consumption of a variety of fruits, vegetables, beans, and
whole grains, (iii) limited consumption of energy-dense
foods as well as red and processed meats, (iv) avoidance of
sugary drinks, (v) and limited consumption of alcoholic
beverages (120, 130).
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Tobacco. Use of conventional tobacco products remains the
leading cause of preventable cancer mortality, accounting
for nearly one-third of all cancer-related deaths (116).
Tobacco use is associated with a variety of chronic diseases
as well as with cancer development in as many as 18
different organ sites (115). Global estimates of tobacco
use have identiﬁed 1.25 billion active smokers, with numbers still rising in Asia.
Despite these statistics, much progress has been made
over the last 50 years. Strategies for reducing overall
tobacco use have included evidence-based public policies, such as taxation, clean air laws, advertising and
marketing restrictions, and health warnings on packaging, as well as public awareness and education campaigns, and community-based cessation services that
offer important approaches to tobacco control. In the
United States, these efforts have resulted in a reduction in
tobacco use (115), correlating with a reduction in lung
cancer incidence and mortality (117). A 62% reduction
in lung cancer mortality is associated with smoking
cessation by age 50 (118).
Although these statistics are encouraging, cigarette
smoking remains the leading cause of cancer-related
deaths in the United States (119) and reductions in
tobacco use have not been evenly distributed across
populations. Higher rates of tobacco use characterize
certain racial/ethnic subgroups, lower socioeconomic
status groups, rural populations, and individuals with
comorbid mental illness (115). Such trends highlight the
need for continued prioritization of tobacco control
efforts in at-risk populations.

Ultraviolet radiation exposure. Excessive ultraviolet (UV)
light from both the sun and artiﬁcial devices, such as
tanning beds, is believed to contribute to the approximately 5 million cases of skin cancer reported annually in the
United States (131). Personal actions to reduce skin cancer
risks include limiting sun exposure, using sunscreen, wearing protective clothing and hats, and avoiding exposure to
artiﬁcial tanning devices.
Population-wide actions, such as public policies that
restrict or ban indoor tanning and public educational
campaigns, can reduce skin cancer occurrence (131). To
date, 13 U.S. states, in addition to Washington, D.C., have
enacted legislation that restricts minors' access to tanning
beds. Additional states are considering similar action.
Australia represents an outstanding example of population-based skin cancer control that has reduced melanoma
incidence (132, 133).
Cancer-associated microbial infections. Pathogenic infections contribute to an estimated 16% of cancers
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worldwide, with more than 90% of these cancers being
associated with four pathogens:

Unfortunately, despite the availability of effective preventive interventions for the previously listed pathogenic
infections, limitations remain. High infection rates continue to persist in racial and ethnic minorities as well as
in low socioeconomic status groups. In addition, HCV
infections are often left undiagnosed and untreated,
despite effective agents (135, 136). Overall, HPV vaccine
uptake has been low, and HBV vaccination is variable in
the United States and abroad. Thus, missed opportunities for cancer prevention persist (137, 138).
Environmental risk factors. Causality has been shown
between various cancers and the following environmental
factors:
1. Bladder cancer: Consumption of water contaminated
with arsenic.
2. Liver cancer: Aﬂatoxin exposure.
3. Lung cancer: Radon gas exposure.
4. Mesothelioma: Asbestos exposure.
5. Respiratory cancers: Exposure to outdoor air pollution
due to motor vehicles, industrial processes, power
generation, or indoor air pollution due to the burning
of solid fuels for heating or cooking.
There is a dearth of research regarding other environmental risk factors and their links to cancer development
and progression (139). This is a growing area of AACR
interest, with future initiatives currently under development with environmental and occupational health experts.
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Secondary prevention
Secondary prevention refers to efforts taken to limit the
progression or impact of a disease process that has already
begun. Most often, this occurs through the application of
risk-directed assessments followed by preventive interventions that can mitigate risks or interrupt progression. Such
interventions include screening and the use of surgical
interventions and/or molecular preventive agents designed
to interrupt an established disease process (Fig. 3).
Risk evaluation and screening. Secondary prevention is
most often oriented toward the identiﬁcation of higherthan-average-risk individuals from the general population
via screens in asymptomatic populations for the presence
of subclinical precancer or cancer. These cancer-related
markers may include:
1. Aberrant radiographic images (e.g., masses or groundglass opacities in spiral CT scans of the lungs; breast
masses or calciﬁcations in mammograms).
2. Cancer-related infections (e.g., HPV DNA in secretions
or cellular collections; hepatitis B proteins or hepatitis
C antibodies in the blood).
3. Cellular/protein aberrations [e.g., abnormal
concentrations of CA125, carcinoembryonic antigen
(CEA) prostate-speciﬁc antigen (PSA), etc.].
4. Molecular changes or hemoglobin in stool.
5. Visual identiﬁcation of precancers, for example,
visual inspection with acetic acid to detect
abnormal cells of the cervix; optical imaging of oral
dysplasia (141); and histopathologic examination of
atypical cells in cytologic scrapings of the cervix or
dysplasia in biopsies of skin, mouth, cervix, breast,
prostate.
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1. Helicobacter pylori (H. pylori)
a. Associated with gastric cancer and mucosa-associated lymphoid tissue.
b. Effectively treated with a short-course combination
of antibiotics and proton-pump inhibitors.
2. Hepatitis B virus (HBV)
a. Contributes to cirrhosis and liver cancers.
b. Effective vaccines developed for HBV-associated
proteins have reduced hepatocellular carcinoma
incidence (134).
3. Hepatitis C virus (HCV)
a. Contributes to cirrhosis and liver cancers.
b. May be detected by blood-based screening (as
recommended by the CDC for those born between
1946 and 1964) and treated with a combination of
effective although expensive antiviral agents.
4. Human papillomavirus (HPV)
a. Associated with cancers of the anus, cervix, oropharynx, penis, vagina, and vulva.
b. There are 3 HPV vaccines for the prevention of
HPV-related cancers including Cervarix (types 16,
18), Gardasil (types 6, 11, 16, 18), and Gardasil 9
(types 6, 11, 16, 18, 31, 33, 45, 52, 58).

Summary. Primary prevention shows that personal and
population-level actions to limit exposure to or inﬂuence
of carcinogenic lifestyles and environmental factors can
reduce associated cancers. There is no more dramatic or
convincing example of this than efforts in tobacco control
in the United States over the last 50 years that have reduced
lung cancer rates ﬁrst among men and more recently in
women (115). However, change depends on implementing sustained, evidence-based personal actions to promote
healthy lifestyle options, as well as population-based
actions in public policy, public and professional education, and community-based service delivery, particularly
among groups and regions with the greatest burden. The six
Institute of Medicine measures of quality programs apply
to such population-based initiatives. That is, such interventions are optimally: safe, timely, effective, efﬁcient,
equitably distributed, patient-/population-centered, and
sustainable (STEEEPS). Any interventions must be effectively disseminated to those living in low-resource settings
and to those who are geographically, linguistically, culturally, or socially isolated. As former NCI Director Sam
Broder once remarked, "Poverty is a carcinogen." (140).
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Evidence of beneﬁt is important when asking large numbers of asymptomatic people to undergo a screening test.
The risk of applying a screening test followed by potential
surgical or medical interventions to mitigate identiﬁed
risks in asymptomatic individuals must be weighed against
the risk of developing a symptomatic and typically laterstage cancer. Currently, the United States Preventive Services Task Force (USPSTF) recommends screening for
breast, cervical, colon, and lung cancers based on age (and
smoking history, in the case of lung cancer screening).
Unfortunately, the number of screening strategies available
and universally agreed upon remains relatively small.
Interpretations of some tests, such as PSA screenings for
prostate cancer (145), are changing as more long-term
outcome data emerge, highlighting the need to develop
more sensitive screening tests.

1. The test be acceptable to patients and providers;
2. The test accurately identiﬁes asymptomatic precancer
or cancer, which disregarding normal conditions; and
3. The process of receiving a positive test result and
undergoing a subsequent diagnostic evaluation and
intervention decreases a person's chance of dying from
that cancer.

Cancer interception. Preventive interventions following
identiﬁcation of an individual at high risk of developing
cancer may involve surgical removal of precancers or
entire organs or administration of "interceptive" agents
intended to reduce or eliminate existing precancers or
prevent their progression to invasive disease (3). Cancer
chemopreventive agents applied to prevent progression
of precancers in a secondary preventive context are
referred to as "cancer-interceptive" agents. Such interventions may reduce the risk of cancer incidence, the
development of advanced stage cancers, and cancer mortality, but may also be expensive, present with toxicities,
require invasive diagnostic testing, and result in overdiagnosis and overtreatment of preneoplastic lesions.
HPV vaccine is a great example of successful cancer
immune interception.
Some of the greatest progress in cancer prevention has
resulted from effective cancer screening tests followed
by surgical preventive interventions. Evidence-based cancer screening tests have been established for the identiﬁcation of precancers and cancers in at least four organs
including the cervix, breast, colon, and lung. In most cases,
clinical recommendations are based on long-term outcomes from RCTs involving the sequence of a screening
test, diagnostic conﬁrmation, and subsequent surgical
interventions in "screen-positive" individuals. Follow-up
studies gather data on cancer-related mortality endpoints
as well as data on unintended morbidities of the screening test, the diagnostic test, and subsequent surgical
interventions. Some tests, such as the Pap test for cervical
cancer, have achieved their "recommended" status based
on results found in comparison with nonscreened populations in population-based observational studies of
reduced cancer incidence and mortality.

Thus, cancer screening is part of a larger continuum of
care to ensure that diagnostic tests, which may identify a
precancer or cancer for which there is no effective treatment, are not rendered useless and potentially harmful.

Existing controversies in cancer screening. Despite cancer
screening efﬁcacy, debate persists on the usefulness of
some screens. PSA screening for prostate cancer, especially
when followed by diagnostic biopsy and surgical
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Screening and early detection techniques possess clinical
efﬁcacy as they allow for early identiﬁcation of neoplastic
processes, earlier and more precise treatment interventions, and improved outcomes. The National Lung Screening Trial, a randomized controlled trial (RCT) of >53,000
current and former heavy smokers ages 55 to 74, compared
the effects of two screening procedures for lung cancer, lowdose helical CT and standard chest X-ray, on lung cancer
mortality and found 20% fewer lung cancer–related deaths
among trial participants screened with low-dose helical CT
(142). A bronchial genomic classiﬁer improved the sensitivity of bronchoscopy for lung cancer detection (143).
Screening and early detection also come with potential
risks, however, including anxiety, invasive testing, and the
possibility of false-positive or false-negative results. Tests
with low sensitivity and speciﬁcity may lead to additional
diagnostic testing, which may be more invasive, expensive,
and associated with intrinsic harms including infection,
bleeding, or organ perforation. Conversely, some screening
tests are associated with overdiagnosis, deﬁned as the
detection of lesions that would not have become clinically
evident in the patient's lifespan had it not been for the
screening test, which may result in unnecessary morbidity
from treatment. Therefore, there is a need for the development of reﬁned and validated risk models across all cancers. We are also beginning to see the application of
artiﬁcial intelligence and machine learning algorithms to
radiology, which has the potential to reduce both false
negatives (especially minute early lesions that could be
missed by the human eye) and false positives, to facilitate
precancer and early cancer diagnosis on imaging (144).
Genomic technologies support detection strategies
with greater sensitivity as well as improved risk stratiﬁcation of lesions and patients. The development of a
clinically acceptable diagnostic test for cancer screening,
early detection, and diagnosis is challenging and expensive, however, requiring extensive testing to deﬁne sampling strategies, target population identiﬁcation, and
clinical use context. Returns on investment arising from
successful screening or diagnostic tests have been limited, thus diminishing the private sector's interest in
developing such technologies.
Population-based cancer screening requires that:
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Cancer chemoprevention. In 1976, Sporn originally
described cancer chemoprevention as the application of
drugs or natural compounds to reverse, block, or prevent
the development of cancer, with efﬁcacy assessments most
often based on changes in the number, size, or histopathologic grade of precursor lesions (150). Deﬁnitive RCTs
have been largely negative (and some even harmful; refs.
151, 152), including a very recent RCT of a high-vegetable
diet to prevent progression in patients with prostate cancer
on active surveillance and even "positive" RCTs meeting
their primary efﬁcacy endpoint have complex secondary
endpoint/disease trade-offs, challenging clinical translation. For example, results of the Prostate Cancer Prevention
Trial, testing the effectiveness of ﬁnasteride to prevent the
disease, had met its primary endpoint of 25% fewer prostate cancer diagnoses than men on the placebo. There was a
cautionary note, however, that men who developed prostate cancer on the ﬁnasteride arm were more likely to have
high-grade lethal tumors (153). However, despite the
higher rate of high-grade disease, recent long-term (18year) follow-up, found no signiﬁcant survival differences
(154). Long-term RCT results showed that raloxifene, a
common osteoporosis drug, prevented breast cancer to the
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same degree, but with fewer serious side-effects than
tamoxifen, which is FDA approved in this setting. Raloxifene retained 76% of tamoxifen's efﬁcacy in preventing
invasive disease and incidence curves approached that of
tamoxifen in preventing noninvasive disease—all with
signiﬁcantly less endometrial cancer with raloxifene use
(155, 156). There have been a number of FDA-approved
agents carrying labeled indications to treat precancerous
lesions or reduce cancer risks (Table 2). Chemopreventive
agents have been considered for applications in a primary
context to reduce the biologic impact of carcinogens or
cancer-associated pathogens in the general population and
in a secondary context to treat precancers and mitigate
cancer risks in high-risk populations. Potential uses are
being reﬁned with more speciﬁc terminology. For example,
immune prevention efforts, such as the administration of
vaccines directed against HPV or hepatitis B are most
effective applied in unexposed children and young people, as they are directed at preventing the initial infection. The use of ledipasvir/sofosbuvir to treat hepatitis C
(136), and therefore prevent the development of liver
cancer, represents chemoprevention applied in a secondary preventive setting, as ledipasvir/sofosbuvir does not
prevent the initial infection, but rather intercepts and
prevents further carcinogenic progression. The use of
preventive agents in high-risk cohorts and in other secondary preventive contexts to intercept the carcinogenic
progression of established precancers (3) underscores a
trend toward more precise molecular targeting and greater personalization of cancer interventions. Changes to an
airway genomic signature associated with PI3K activity
were associated with a preventive agent response in
smokers with bronchial dysplasia (157). In lung cancer,
upregulation of the PI3K (phosphoinositide 3-kinase)
pathway is an early event that contributes to cell proliferation, survival, and tissue invasion, and upregulation
of this pathway was associated with enrichment of the
lower airways with bacteria (158).
Cancer-interceptive agents under consideration include
food-based chemopreventives (e.g., green tea, curcumin,
broccoli, sprouts) as well as drugs with better deﬁned
molecular targets (e.g., tamoxifen, raloxifene, aspirin,
NSAIDs). Experiences with 5-ﬂuorouracil, eﬂornithine,
and EGFR inhibitors suggest that interventions currently
known as chemotherapeutics may prove efﬁcacious in a
preventive context (159–163). Systematic evaluation of
such opportunities will continue as newer, more targeted
cancer therapies arise. Such work may be advanced through
enrollment of study subjects with the potential of lifelong
follow-up and greater use of electronic health records with
standardized surveillance guidelines and recording of secondary precancers and cancers. Recent precision prevention is illustrated by RCT results of targeting the FXR–FGF
axis, which will likely lead to the ﬁrst preventive agent to
reverse the HCC precursor NASH (164).
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prostatectomy, can lead to posttreatment anxiety, urinary
incontinence, and sexual dysfunction. An additional harm
is the detection of prostate cancers that would have never
caused symptoms or come to medical attention during the
patient's natural lifespan had the cancer not been detected
by screening. Such situations are referred to as overdiagnosis. Thus, PSA screening is recommended by some
healthcare professionals but discouraged by others due to
differing perspectives regarding clinical risks and beneﬁts,
as well as divergent interpretations of available data. The
consideration of PSA screening followed by diagnostic
conﬁrmation and deferred intervention, commonly
described as "watchful waiting," in "screen positives" with
precancerous lesions and/or early-stage cancer provides an
increasingly attractive option (145).
Despite controversies, there are proven examples of
effective cancer screening techniques. Colorectal cancer
screening followed by surgical interception, most often,
endoscopic polypectomy, is associated with a substantial
reduction in colorectal cancer–associated mortality (146).
Cervical cancer screening followed by surgical interception
by excisional biopsy, conization, or loop electrosurgical
excision procedure, results in a 70% to 80% cervical
cancer–related mortality reduction (147). Mammographic
screening followed by lumpectomy also results in reduced breast cancer mortality (148). Lung cancer screening
with low-dose CT has reduced mortality by 20% (149)
in current or previous (within 15 years) smokers with a
30-pack-year history (a "pack-year" is smoking an average
of 1 pack of cigarettes per day for 1 year) who underwent
invasive biopsy and surgical resection.
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Table 2. Approved agents for the treatment of precancerous lesions or cancer risk reduction
Agent
Targeted cohort
Indication
Women with DCIS following breast surgery and radiation
Reduce the risk of invasive breast cancer
Tamoxifen
Reduce the incidence of breast cancer
Women at high risk for breast cancer ("high risk" deﬁned as
women at least 35 years of age with a 5-year predicted risk
of breast cancer >/¼ 1.67%, as calculated by the Gail Model)
Reduction in risk of invasive breast cancer (Note: Raloxifene does not
Raloxifene
Postmenopausal women at high risk for invasive breast
eliminate the risk of breast cancer. Patients should have breast exams
cancer ("high risk" deﬁned as at least one breast biopsy
and mammograms before starting raloxifene and should continue
showing lobular CIS or atypical hyperplasia, one or more
regular breast exams and mammograms in keeping with good medical
ﬁrst-degree relatives with breast cancer, or a 5-year
practice after beginning treatment with raloxifene)
predicted risk of breast cancer >/¼ 1.66% (based on the
modiﬁed Gail model).
Cervarix
Females 9 through 25 years of age
The prevention of the following diseases caused by oncogenic HPV types 16
and 18:
Cervical cancer
CIN grade 2 or worse and adenocarcinoma in situ
CIN grade 1
Gardasil 9
Girls and women 9 through 26 years of age
The prevention of the following diseases caused by HPV types included in
the vaccine:
Cervical, vulvar, vaginal, and anal cancer caused by HPV types 16,
18, 31, 33, 45, 52, and 58
And the following precancerous or dysplastic lesions caused by HPV
types 6, 11, 16, 18, 31, 33, 45, 52, and 58:
CIN grade 2/3 and cervical AIS
CIN grade 1
VIN grade 2 and grade 3
VaIN grade 2 and grade 3
AIN grades 1, 2, and 3
*

*

*

*

*

*

*
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*

*

*

*

*

*

Boys and men 9 through 26 years of age

The prevention of the following diseases caused by HPV types included in
the vaccine:
Anal cancer caused by HPV types 16, 18, 31, 33, 45, 52, and 58
And the following precancerous or dysplastic lesions caused by HPV
types 6, 11, 16, 18, 31, 33, 45, 52, and 58:
AIN grades 1, 2, and 3
Ablation of HGD in patients with BE who do not undergo esophagectomy
*

*

PDT with
Photofrin
Celecoxiba

Males and females with high-grade dysplasia in BE

BCG

Males and females with CIS of the urinary bladder

Valrubicin

Males and females with BCG-refractory CIS

Fluorouracil
Diclofenac
sodium
PDT with 5aminolevulinic
acid
Masoprocolb
Imiquimod

Males and females with multiple actinic or solar keratosis
Males and females with actinic keratosis

Ingenol mebutate

Males and females with actinic keratosis on the face, scalp,
trunk and extremities

Males and females >18 years old with FAP

Reduction in the number of adenomatous colorectal polyps in FAP,
as an adjunct of usual care (e.g., endoscopic surveillance, surgery)
Intravesical use in the treatment and prophylaxis of CIS of the
urinary bladder and for the prophylaxis of primary or recurrent
stage Ta and/or T1 papillary tumors following TUR
Intravesical therapy of BCG-refractory CIS of the urinary bladder in
patients for whom immediate cystectomy would be associated
with unacceptable morbidity or mortality.
Topical treatment of multiple actinic or solar keratosis
Topical treatment of actinic keratosis

Males and females with actinic keratosis of the face or scalp

Topical treatment of minimally to moderately thick actinic keratosis of the
face or scalp

Males and females with actinic (solar) keratosis
Immunocompetent adults

Topical treatment of actinic keratosis
Topical treatment of clinically typical, nonhyperkeratotic, nonhypertrophic,
actinic keratosis on the face or scalp
Topical treatment of actinic keratosis

Abbreviations: AIN, anal intraepithelial neoplasia; AIS, adenocarcinoma in situ; BE, Barrett’s esophagus; BCG, Bacillus-Calmette-Guerin; CIN, cervical intraepithelial
neoplasia; CIS, carcinoma in situ; DCIS, ductal carcinoma in situ; FAP, familial adenomatous polyposis; HGD, high-grade dysplasia; HPV, human papillomavirus; PDT,
photodynamic therapy; VaIN, vaginal intraepithelial neoplasia; TUR, transurethral resection; VIN, vulvar intraepithelial neoplasia.
a
FDA labeling voluntarily withdrawn by Pﬁzer, February 2011.
b
Withdrawn from U.S. market, June 1996..

Chemoprevention combinations. One promising area in
cancer prevention is the potential of agent combinations
for high-risk patient populations. For example, the combination of sulindac and eﬂornithine in patients with
colorectal adenomas resulted in a 70% reduction in recurrent adenomas and a 90% reduction in advanced and
multiple adenomas over a 3-year interval (159). See above
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for FAP combination trials. Experimental chemoprevention combinations involving metformin have shown
promise based on preclinical and epidemiologic data.
Experimental clinical studies are ongoing to evaluate
whether insulin-lowering effects are key to metformin's
efﬁcacy or related drugs also have direct anticancer effects
on mTOR or YAP signaling (165, 166).
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1. Tobacco reduction programs that can improve
treatment efﬁcacy, overall health, and outcomes (167).
2. Effective energetics and exercise interventions
(168–170).
3. Dietary programs prioritizing energy balance, obesity
prevention, and provocative circadian fasting
schedules (171, 172).
4. Outpatient rehabilitation programs to assist patients
with returning to optimal levels of functioning (173).
5. Programs tailored to the needs and challenges of
various cancer health disparities (174).

6.

7.

8.

9.

10.

State of cancer prevention science: summary.
1. The process through which evidence is developed for
a novel preventive device or intervention technique of
relevance to large populations is now clear, and is a
growing priority for federal and private funding
agencies.
2. The design and application of optimal preventive
interventions will beneﬁt from assessing precancers
from a multidisciplinary perspective to better
characterize the hallmarks of premalignant disease,
permitting the implementation of cancer
interception techniques to reverse or prevent
aberrations in as many cancer hallmarks as possible.
3. Mechanistic links between dominant cancer risk
factors and molecular aberrations capable of
contributing to cancer are variably established.
4. Developing, reﬁning, and validating cancer risk
models.
5. Lifestyle and environmental exposures contribute to
the bulk of cancer incidence and deaths worldwide.
However, many of these factors are modiﬁable
through actions that can reduce risks to noncritical
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11.

levels at the individual and/or population levels,
including tobacco control, weight management and
physical activity, avoidance of UV radiation,
prevention and treatment of cancer-associated
microbial infections, and protection from known
environmental carcinogens such as asbestos, radon
gas, and the burning of solid fuels.
Implementation and dissemination of effective
prevention strategies is critical to reducing the
cancer burden. Individuals living in low-resource
settings and in other underserved population
segments require added attention.
The six Institute of Medicine measures of quality care
apply to prevention and population-based
initiatives as well as to clinical therapeutics: safe,
timely, effective, efﬁcient, equitable, and patientcentered/culturally tailored. Sustainability over time
is an additional parameter important to prevention
measures.
Cancer screening has been shown to be effective in
reducing cancer mortality for some common cancers.
Mammographic screening reduces breast cancer
mortality, colon screening reduces colon cancer
mortality, cervical screening reduces cervical cancer
mortality by 70% to 80%, and low-dose CT lung
screening reduces lung cancer mortality by 20%.
Emerging genomic technologies are allowing for
improved detection strategies as well as improved
stratiﬁcation of precancerous lesions and high-risk
patient populations.
"Cancer interception" is deﬁned as the
administration of preventive treatment modalities in
high-risk cohorts to interrupt the carcinogenic
process and supports progress toward the
development of precision targeted and immune
cancer prevention interventions.
Evidence-based cancer prevention interventions with
impact and importance to survivors include tobacco
treatment programs, energetics and exercise
interventions, dietary programs that prioritize energy
balance, outpatient rehabilitation, and attention to
cancer health disparities.

Current Limitations and Obstacles in
Cancer Prevention
Development of prevention as a dominant strategy to
reduce the burden of cancer faces barriers. Even though
research supports the use of evidence-based prevention
strategies (4, 175), implementation varies around the
globe as well as within the United States.
Conceptual challenges
The simple term cancer prevention belies its complexity.
Prevention describes many different goals, interventions,
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Tertiary prevention
Tertiary prevention focuses on alleviating disability resulting from a cancer diagnosis and its treatment by taking
measures to improve the overall quality of life and longterm outcomes of patients with cancer, following treatment
(Fig. 3). Typically, such efforts involve individuals at higherthan-average risk due to the baseline risks that led to their
primary cancers, as well as additional risks for treatmentrelated toxicities and treatment-related cancer incidence.
Preventive work at this level is referred to as "survivorship"
in the continuum of cancer care.
Survivorship includes assessments and interventions to
reduce the risk of recurrence, reduce occurrence of new
primary cancers, maximize quality of life, and assist in
psychosocial adjustment following cancer treatment. As
part of this, it is vital to provide accurate and reliable
information on health behaviors with appropriate timing
and in a manner that survivors can understand and apply.
Included among evidence-based interventions with impact
and importance to survivors are:
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Procedural challenges
Cancer prevention efforts can suffer from misplaced or
limited focus, lack of engagement, ineffective communication, limited investment, critical variations, systemic
fragmentation, and insufﬁciencies. Molecular biologists'
lack of sufﬁcient engagement in cancer prevention research
has contributed to a paucity of data regarding the key
molecular derangements underlying the biology of early
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neoplasia, as well as the sequence, timing, and reversibility
of these changes. There has been no systemic characterization of molecular aberrations in early neoplasia, like
what has occurred in advanced cancers via The Cancer
Genome Atlas (TCGA). Although some insight into the
biology of precancers has been gained, too often the focus
is on data collection rather than translational applications
of those data. An area needing attention is identiﬁcation of
molecular drivers of premalignancy (177).
Cancer prevention research and development has not
garnered much interest from the pharmaceutical industry,
possibly due to the temporal and ﬁscal challenges inherent
in preventive device and drug development (178). Most
progress has resulted from public funding, which is limited
due to competing priorities in basic cancer science and
treatment. As a result, few well-funded investigators are
vested in prevention and screening research. However, a
recent article (176) clariﬁes the pharmaceutical industry's
perspective on the ﬁeld and its potential. This article highlights the three major concerns within the ﬁeld listed in the
information to follow. Because of these challenges, most
pivotal cancer prevention trials must rely on clinical outcomes and take an extremely long time to complete,
dissuading private investment.
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and participants, causing confusion in communications
within and beyond the ﬁeld. Deﬁnitions and standards for
classiﬁcation of prevention strategies and tactics lack consistency and clarity. For example, the term chemoprevention
can be applied in several different contexts. Chemoprevention is often intended as a primary preventive strategy
to reduce the impact of carcinogens. However, it may also
refer to a secondary goal of eliminating or reducing the
number, size, or distribution of precancerous lesions.
Introduction of the term interception relating to the latter
application may help distinguish secondary from primary
preventive applications. The clarity is welcomed by the
ﬁeld, especially by researchers and those in industry pursuing preventive drug development (176). Terminology
can also obscure health disparities that are cancer risk
factors. Among these are age, gender, race, population
density (i.e., urban, suburban, rural, frontier), geography,
socioeconomic status, insurance status, access to screening
or care, language/acculturation, etc.
With a progressive disease comes the challenge of deﬁning the moment when the disease is worthy of identiﬁcation and intervention. A focus on disease process rather
than endpoint requires identifying a disease stage that is
early enough for the patient to beneﬁt from early detection
and prevention. The disease stage must be modiﬁable and
interventions must be clinically effective. Technological
advances are driving earlier identiﬁcation of stages in the
carcinogenic process, and the "development-to-application" cycle time is growing shorter. Cancer prevention
must move beyond the description of molecular aberrations in the form of cellular atypia, histopathologic dysplasia, or even cancer, to accurate forecasting of the prognosis for a preneoplastic lesion, the status of the organ in
which it resided, and competing causes of morbidity and
mortality. Unfortunately, such prognoses are difﬁcult,
especially at the earlier stages of neoplasia, which may
arise and regress in an unpredictable, multidirectional
manner.
Clinical application of prevention techniques can be
varied and inconsistent. Select examples or extreme cases
may be used to argue a course of action, without attention
to the range of variation. With experience, caregivers gain
understanding of all available screening and treatment
options. Fundamentally, patients must be evaluated over
time to determine their personal preferences and to gain a
better understanding of the risks and beneﬁts associated
with any cancer intervention.

1. Lack of validated preventive targets.
2. Insufﬁcient diagnostics associated with identifying
those at-risk populations most likely to respond to
molecular preventive interventions.
3. Lack of sufﬁciently validated surrogate endpoints to
deﬁne at-risk populations, prioritize key mechanisms,
and accelerate developmental timelines.
Private investment in prevention needs efﬁcient validation and approval processes for molecularly based clinical
assays and accurate, reliable and predictive intermediate
markers of efﬁcacy. Additional concerns include regulatory
agencies' reluctance to approve drugs based on surrogate
efﬁcacy endpoints and the notion that preventive agents
lack proﬁtability. Drugs for long-term, systemic use with
their attendant need for few side effects may be unnecessary, as short-term, intermittent, localized, and/or lowdose therapies are now possible. Hait and Lebowitz cite
examples wherein some of these challenges have been
overcome and call for a greater sense of urgency to address
these challenges, accelerate progress, and attract greater
public and industry investment. A major recent step in this
context was launched this year – a ﬁve-year translational
research alliance with Boston University and Johnson &
Johnson Innovation LLC (JJI) aimed at intercepting lung
cancer, the leading cause of cancer deaths worldwide. The
ﬁrst project involves a translational research consortium
that was established by the U.S. Department of Defense
seven years ago and is now co-funded by the NCI and
Janssen. The alliance will develop a precancer genome atlas
(PCA) in collaboration with a Stand Up To Cancer
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availability, quality, and costs of clinical preventive services
prevents comprehensive implementation of healthy lifestyle interventions (180).
Cancer biology challenges
For decades, research into the biology of early neoplastic
development has generated insights through use of in vitro
mechanistic studies, in vivo models, and various clinical
studies of precancerous lesions. Despite great progress,
additional focus and effort is needed.
Progressive mutations in genes regulating cellular identity, fate, growth control, and genomic integrity, can drive
transformation from healthy colorectal mucosa to adenoma and then to colorectal cancer (181). The model has far
too often been discussed as a linear evolutionary progression, however, which can lead to an inaccurate impression
given the importance of the dynamic and varied nature of
precancerous lesions (182). Data suggest a much more
complex biology with substantial tumor heterogeneity in
precancers (183, 184) creating genetically distinct and
competing subclones, which may either regress, remain
dormant, or progress to invasive cancer (see detailed discussion above). The substantial tumor heterogeneity
between and within such precancer lesions and between
and within individuals is (185) not well investigated or
established in precancers (186). Given the range of molecular aberrations in precancers that have been identiﬁed
thus far, such lesions are expected to harbor less heterogeneity than more advanced lesions, which could translate
into greater responsiveness to targeted or immune-based
interception agents. In addition to the heterogeneity found
within organs or between individuals, there are added
layers of complexity between target organs, within different
organ-based signaling pathways, and with molecular
abnormalities capable of demonstrating opposite effects
in different organs (187).
Hanahan and Weinberg's model of six to eight key
functional derangements with two enabling characteristics
and the related groups of genes and pathways regulating
cancer development and progression have complemented
earlier insights by providing a functional lexicon of aberrations important in the process (188, 189). The order,
timing, and prevalence of these "hallmark" insults during
the earliest stages of neoplastic development are under
active study. Provocative genetic, epigenetic, and immunologic precancer data have the potential to be translated
into molecular targets for cancer interception. Emerging
over the last couple years, the vast scope, complexity,
and impact of early mutational drivers and pathways,
germline-somatic interactions, stem cell and immune signals in premalignant progression and early detection
research, are brieﬂy highlighted as follows:
1. PDAC development: Kras mutation diverges with p16
or p53 inactivation to PanINs; and GNAS mutation to
IPMN pathway (26).
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multidisciplinary lung cancer interception dream team last
year. This can serve as a model how research university can
collaborate with a large corporate partner. This new
alliance with JJI, and its focus on intercepting lung cancer,
comes at a time when cancer researchers and physicians are
expressing renewed optimism over recent breakthroughs
and new technologies that are enabling translation to
cancer interception.
Interdisciplinary communication can be challenging
and ineffective. Care of patients at risk for cancer often
involves a wide array of clinical practitioners including
primary care providers (e.g., nurse practitioners, physician assistants, general internists, family medicine physicians), screening or diagnostic specialists (e.g., gastroenterologists, radiologists, pathologists), and intervention specialists (e.g., surgeons, oncologists, infectious
disease physicians). Success of preventive clinical care
depends on timely and accurate communication among
these providers regarding risk evaluations, interventions,
and outcomes.
In stage T2-T4 research, data systems are often insufﬁcient to measure status and progress at the level and
frequency needed to assess foundational needs, guide
strategy, or evaluate outcomes following interventions.
Many commercial electronic health records are incapable
of providing the necessary data for T2-T4 research or
monitoring clinical service delivery or outcomes. Relevant
outcomes from cancer screening or early detection are
often invisible to the diverse array of investigators, clinicians, and public health planners involved in caring for atrisk populations. For example, most state-based cancer
registries do not require reporting of precancers, a practice
based on outdated data whereby precancers were considered biologically independent of invasive cancers (e.g.,
"benign" vs. "malignant" tumors) and irrelevant to subsequent cancer risk. Collectively, these efforts require further
engagement of statisticians and quantitative scientists.
Fragmented health care delivery and population health
systems are unable to provide comprehensive prevention
and screening services in a manner consistent with recommended, evidence-based guidelines. Prevention and
screening services are insufﬁciently reimbursed and prioritized, despite improvements following implementation
of the Affordable Care Act. Screening adherence across
cancer sites continues to be a challenge as well. For example, of women eligible for breast, cervical, and colon cancer
screening, only 8% to 43% underwent screening for all
three cancers (179). In some cases, especially for colorectal
cancer screening, this lack of screening may be attributed to
insufﬁcient clinical capacity. More than 24 million American adults will require colorectal cancer screening to reach
the aspirational goal of 80% population screening coverage by 2018. The provision of effective tobacco cessation
services beyond state-funded tobacco quitlines is similarly
challenging. Thus, fragmentation as well as variation in
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Targeted single-cell sequencing can elucidate the order of
mutation acquisition in T-ALL multipotent progenitor cells
(195). Potentially divergent BRAF or KRAS pathways and
immune dysregulation in the pathogenesis of atypical
adenomatous hyperplasia and progression to lung adenocarcinoma (196). Drivers of squamous precancers are also
being uncovered in actinic keratosis. A landmark RNA-seq
study of lung dysplasia identiﬁed distinct molecular
subgroups, including downregulation of IFNg signaling,
M1 macrophage polarity and T-cell–mediated immunity
associated with high-grade lesion progression (197). The
immune subtype identiﬁed in oral precancer showed that a
macrophage signature predicted oral cancer free survival.
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Comprehensive study of proteomic alterations in airway
epithelium uncovered dramatic metabolic reprogramming
happening early in the pathogenesis of this lethal disease
(198). Provocative new data discovered NOTCH1 mutations as early events in lung premalignancy and aging
normal esophagus; Notch is also involved in tumor morphogenesis and patterning of the TME (199). NOTCH1
mutations were remarkably found at high prevalence
in aging normal esophagus (200, 201), analogous to
incidental ﬁndings of age-related, AML-cancer-associated
driver mutations in asymptomatic clonal hematopoiesis,
which although incidental ﬁndings, are clearly clinically
relevant since they harbor much higher transformation
rates to AML (ultrasensitive NGS has remarkably found
tiny clones with the same AML-driver mutations in >95%
of micro-CHIP patients; ref. 70). Thus, there is an urgent
need to deﬁne the molecular, antigenic, and immunologic
repertoire of "preneoplasia" through a PCA that includes
the study of preclinical models and longitudinal cohorts
conducive to rigorous assessment of the effects of spatial
expansion and temporal evolution of preneoplasia-associated genetic alterations. Most solid tumor precancer
studies are cross-sectional, including tissue adjacent to
cancer or precancer tissue without clinical follow up.
Increasing spatial and temporal sampling in combination
with multi-omic approaches will be critical to fully understand the relationships between precancer and cancer. The
importance of longitudinal study is illustrated by Barrett
to esophageal adenocarcinoma. Recent Barrett study
with 9-year follow-up detected p53 mutations (before
the onset of dysplasia or copy number changes) associated with progression to high-grade disease or cancer
(202), challenging the prevailing view from cross-sectional studies of tumor/precancer pairs (including two
high-proﬁle papers in Nature Genet, September 2015)
that p53 mutations occur late, at the time of high-grade
dysplasia (HGD) or esophageal adenocarcinoma, and
underscore the potential of genomic proﬁling as an early
indicator of progression risk, informing screening
guidelines.
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2. PanIN pathway: early Kras mutation and
inﬂammation drive IL17 signaling to induce
stemness and progression to PDAC (190);
highlighting the potential of repurposing IL17
inhibitors.
3. Colorectal adenoma–carcinoma sequence: APC
inactivation or loss drives chromosome instability
pathway (in FAP and sporadic); while MMR defect
(in Lynch syndrome and sporadic MLH1
methylation) induces a highly immunogenic
"frameshift" mutations in APC and other genes.
4. Early ontogeny of BRCA-1 related breast cancer
discovered hormone-responsive progenitors
supports repurposing an FDA-approved RANKpathway inhibitor
5. Breast cancer in BRCA1 carriers: normal stem cells
that acquire PTEN mutation driving basal pathway;
while p53 mutation drives luminal pathway
results; in both pathways, BRCA1 loss is a late
event (191).
6. MPN comprehensive molecular subclassiﬁcation:
JAK2–TET2 mutation order profoundly affects
stem/progenitor cell biology, age and drug sensitivity
(192, 193).
7. Inherited variation and somatic mutation of JAK2,
SH2B3, TET2, and CHEK2 contribute to V617F agerelated clonal hematopoiesis and/or MPN
development (81).
8. Acquired ASXL1 mutations are common in patients
with inherited GATA2 mutations and correlate with
myeloid transformation to MDS/AML.
9. Germline RUNX1 mutation carriers develop
detectable clonal hematopoiesis with a cumulative
risk of >80% by age 50 years.
10. Genome-wide computational studies shape where,
when, and how tumors develop and inherited
variation and antigen presentation pathways
(64, 65).
11. A breakthrough early detection research report
established plasma cell-free DNA methylation
patterns that implicate the site of tumor development
(194).

Primary prevention
Current obstacles to addressing the dominant cancer risk
factors relevant to the U.S. population relate to poor
implementation and dissemination of existing evidencebased interventions, particularly for tobacco, UV exposure,
and HPV vaccination. The advent of e-cigarettes presents a
challenge to tobacco control efforts, while outstanding
research questions and measurement issues related to
obesity, energy imbalance, and physical inactivity limit
our ability to design and implement effective risk-reducing
interventions.
Tobacco. The reduction in tobacco use in the U.S. population over the last 50þ years is a notable, albeit limited
success with recent rates of adult tobacco use averaging
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Obesity, energy imbalance, and physical inactivity. Nutrition
is a determinant of cancer risk. Changes in cancer incidence
follow immigrants' acculturation and population subgroups with different lifelong dietary patterns showing
reduced cancer risk (e.g., Seventh-Day Adventists' vegetarian diets versus the U.S. population's average diet; ref.
211). International Agency for Research on Cancer
(IARC) now classiﬁes numerous cancers as preventable
by avoiding weight gain (121). Challenges in obesity
research include insufﬁcient mechanistic insights into
the condition's relationship with cancer, limited evaluation measures, lack of insight regarding which measures are most associated with risk of cancer, and lack of
effective, long-term interventions.
Various hypotheses underlying the obesity–cancer link
have been advanced, including chronic inﬂammation,
alterations in obesity-related metabolic hormones (e.g.,
leptin, incretin, insulin, glucagon, insulin-binding growth
factor), hormonal responses, and behavioral addictions
(212). According to the recent IARC working group, evidence for the role of sex hormone metabolism and chronic
inﬂammation in mediating the obesity–cancer relationship is strong, whereas evidence for the role of insulin and
IGF signaling is moderate (121).
Obesity's relationship to cancer has mostly been
described in associative terms, yet the relationship is
believed to be causal for 13 cancer types. This number
might be higher were it not for limitations and variability
in measurement techniques, especially at the population
level. Studies have variously used weight, BMI, waist circumference, or waist-to-hip ratio to measure obesity,
although it remains unclear what measurement is the most
relevant. Furthermore, calculations such as BMI remain
poor indicators of an individual's personal risk for developing cancer, cardiovascular disease, or type II diabetes
mellitus. Some studies suggest that "metabolic obesity"
can occur in healthy-weight individuals, but may be underdiagnosed, resulting in a lost opportunity to intervene and
reduce disease risk (213, 214).
The ideal body weight, diet, level of physical activity,
and combination of these components for cancer prevention is ill-deﬁned and largely based on populationlevel associative data, rather than clinical trials. When
clinical trials have been conducted to query the impact of
dietary adjustments in preventing cancer, answers have
been inconclusive, likely due to the short duration (3–5
years) of the intervention versus the longer time necessary to develop cancer, as well as the difﬁculty of modifying eating and exercise behaviors across time. General
recommendations related to diet and physical activity
continue to be deﬁned and supported by several foundations and professional organizations, such as ACS,
ACSM, AICR, and ASCO (120, 122, 168, 171). Several
groups are also engaged in clinical trials aimed at better
deﬁning the details of physical activity in terms of types,
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17% nationally. Remaining challenges relate to the high
rate of tobacco use in certain sectors of the population,
particularly among individuals who are homeless (among
whom tobacco use rates are 75%), are affected by mental
health issues (use rates 40%–45%), or live in states with
fewer evidence-based public health actions to reduce
tobacco consumption, including taxes, comprehensive
smoke-free air laws, and mass media public education
programs (203). Although effective drugs and counseling
strategies have been developed, deﬁning the optimal regimen for various population subsets remains an active area
of investigation. Optimizing delivery of effective regimens
to those in greatest need has proven challenging, despite
the progress offered by including tobacco cessation services
as a billable option without ﬁnancial barriers. Although
data suggest that most smokers are keen to quit, most
ﬁnd it challenging to quit on their own. Quitline services
now offered in every state are helpful. For example,
disparities implementation and dissemination work
(204) is illustrated by the Asian language quitline to
improve access. Tobacco control disparities research
identiﬁed serious concerns, including that Hispanic adolescent never-users of tobacco products were signiﬁcantly
more susceptible to future use of a tobacco product than
non-Hispanic whites (205, 206). Similarly, cessation
guidelines have been developed and promulgated
(207), but too few primary care or oncology clinicians
prioritize their delivery as an essential part of care (167).
As such, challenges remain regarding how best to help
patients overcome nicotine addiction, how to implement those practices in the clinic and population, how
to disseminate state-of-the-art practices broadly, and
how to reach at-risk populations.
New tobacco-derived products (e.g., e-cigarettes, hookah) have entered the U.S. market in abundance and
without attention to product standardization, testing,
regulatory guidance, or oversight. Research on these
products has been challenging due to lack of standardization and the unlikelihood of securing an investigational new drug application. Debate continues on the
value of these devices in assisting with cessation or harm
reduction. In addition to cessation efforts, preventing
smoking "initiation" has resulted in profound reduction
in lung cancer mortality (208).
The growing use of nicotine delivery devices among
younger populations is concerning, in terms of both
absolute risks and relative to traditional burned tobacco
products (209). Restricting youth exposure to smoking
ads and access to cigarettes reduces smoking initiation
and subsequent lung cancer mortality. Utilizing data
from 10,989 never smokers age 12 to 24, receptivity to
e-cigarette ads was associated with 1.6-fold increased risk
of conventional smoking, suggesting that e-cigarette ads
threaten one of the great public health successes of the last
50 years (210).
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level of intensity, duration, frequency, and end goals
(i.e., a particular BMI, heart rate, level of ﬁtness, etc.) in
an attempt to identify opportunities for targeted cancer
prevention.

Cancer-associated microbial infections. The microbial genesis of several types of cancer (e.g., HPV and cancers of the
cervix, anus, genital tract, and oropharynx; hepatitis B and
C and hepatocellular carcinoma; H. pylori and gastric
cancer; human immunodeﬁciency virus and AIDS-deﬁning
malignancies; etc.) have been identiﬁed. Thus, cancer prevention can focus on behavioral actions that reduce the risk
of exposure, such as vaccination against the offending
organism and promptly identifying and treating infections.
Challenges related to microbial-based prevention relate to
the lack of knowledge of whether other unrecognized
infectious causes of cancer exist and the role of the host
microbiome in cancer development or progression.
Beyond discovery science, questions remain regarding
implementation and dissemination of screens for infectious causes of cancer as well as implementation of vaccinations or treatments for chronic infections associated with
cancer. Approximately 79 million people in the United
States are infected with HPV, according to CDC statistics,
with an estimated 14 million new infections occur annually. These include several high-risk types that are responsible for about 39,000 new HPV-associated cancers each
year. However, even routine HPV vaccination has been
challenging, despite the vaccinations' efﬁcacy (137). An
obstacle in HPV vaccine uptake has been the "negative"
public and social media reports, including regarding HPV
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UV radiation exposure. Sun safety and UV protection are
associated with increased risks for a variety of skin cancers
including basal cell carcinoma, squamous cell carcinoma,
and melanoma. Skin cancer is the most common malignancy in the U.S. population, accounting for nearly 5
million cases annually (131). Intense and early exposures
during childhood are associated with increased risk for
melanoma, with children exposed to intense levels of UV
radiation (i.e., resulting in sunburns), exhibiting an elevated melanoma risk of 60% to 90% (131). Cumulative
lifetime UV exposure also raises an individual's proportional risk of developing basal cell carcinoma and squamous cell carcinoma, associated with profound elevations
of tumor mutational burden, and tend to occur at
advanced ages (131).
Remaining challenges related to sun safety and UV
protection include deﬁning the pathophysiologic role of
UV exposure in cancer development. The typical C-to-T
transversions induced by UV do not explain the range of
genetic mutations identiﬁed in skin cancers. The role of
sunscreens in reducing skin cancer risk, particularly regarding their mechanisms of action, optimal doses, as well as
frequency and duration of use to achieve preventive efﬁcacy, also remains undeﬁned (131).

vaccine safety. These inaccurate reports and the larger
antivaccination movement will need to be counteracted
to improve vaccination rates and the use of immune
prevention measures in all populations. Increased efforts
are also needed to educate physicians so that they may
better communicate the beneﬁts of vaccination to their
patients. Finally, additional research is needed to develop a
screening test for HPV-related precancers and cancers at
other, noncervical sites, such as the anus and oropharynx.
The NCI-sponsored Costa Rica Vaccine Trial was designed
to assess the efﬁcacy of Cervarix in a community-based
setting, ﬁnding that two doses of the HPV vaccine Cervarix
were as effective as the current standard three-dose regimen
after 4 years of follow-up (215). HPV vaccine dosing
continues to be a major focus to enhance vaccine adherence/uptake. An ongoing randomized noninferiority study
in Costa Rica is comparing one versus two vaccine dose
effects on persistent infection, and plans for a randomized
"immune-bridging" study in the United States to evaluate
whether one and two doses achieve stable antibody levels
associated with protection from persistent infection in the
Costa Rica study. Although a deﬁnitive RCT of the prophylactic HPV vaccine to prevent oropharyngeal cancer is
unlikely to be conducted, the vaccine has been shown to
protect against oral HPV infection, suggesting an additional beneﬁt of vaccination programs for both women and
men. AACR, ASCO, and other major organizations are
promoting an international educational public health
campaigns to increase HPV vaccine uptake, including
AACR's February 1, 2016 Catalyst "Call to Action" and
ASCO's Statement in May 2016 (216), and NCI-designated
cancer center consensus statement, identifying the roadmap to increased vaccination uptake, with intense focus on
shifting emphasis from behavior associated with infection
to preventing major cancers and further study of 1 versus
3 doses. Vaccine uptake is much lower in boys, Hispanics
and African Americans. In January 2017, the 69 NCIdesignated cancer centers endorsed the CDC's revised
guideline that calls for administration of the HPV vaccine,
and highlighted the need for physician advocacy.
Environmental risk factors. Environmental risk factors can
cause cancer, and there are numerous historical examples
largely arising from occupational exposures. Included in
the roster are links between exposures to chimney soot and
scrotal cancer, benzene and hematologic malignancies,
and asbestos and mesothelioma. Environmental and
workplace protections enacted to reduce or eliminate
exposures have resulted in substantial reductions in cancer
risk and incidence.
Ongoing challenges regarding environmental risk factors
include consideration of which, if any, remaining exposures may be associated with cancer risk, at what doses,
durations, and frequencies of exposure, and who may be at
greatest risk due to either exposure or individual metabolic
susceptibility (217). Of special importance is elucidating
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Secondary prevention
Secondary prevention typically involves two steps. First,
a screening test is applied to a group drawn from the
general population to identify a subset of individuals at
increased risk due to:
1. Prior risk-inducing exposures and behaviors.
2. Inherent susceptibilities (e.g., differences in carcinogen
metabolism or protective functions).
3. Neoplastic hallmarks such as increased proliferation,
reduced apoptosis, genetic mutations, inﬂammation,
and/or reduced immune surveillance in one or more
tissues.
4. Presence of subclinical precancerous lesions such as
incidentally discovered (asymptomatic) mucinous
pancreatic cysts.
Next, an intervention involving lifestyle changes, surgery, and/or medications is applied to reduce the adverse
effects of carcinogen exposure or to treat precancerous
lesions and, thereby, reduce cancer risks.
Risk evaluation and screening. Even tumors that look histologically similar can vary in biology and progression.
Such heterogeneity combined with the dearth of data
regarding early stages of the disease add complexity to
identiﬁcation of preventive agents as well as design and
implementation of clinical trials.
Many cancer risk models do not address biologic variability. A lack of longitudinal data and precancer samples
from patients following treatment weakens modeling of
the progression or regression of precancerous lesions and
prediction of long-term outcomes. There is also a compel-
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ling need to progress beyond association studies to better
understand the mechanisms that cause disease. Large
genomic databases and less expensive molecular testing
platforms enhance the opportunity for large-scale genomic
and risk stratiﬁcation studies, which have been invaluable
for understanding advanced cancers (219). Many experts
argue that "truncal" mutations identiﬁed in such analyses
may also identify the earlier mutations most relevant to
precancer biology, providing insights to the timing and
sequence of such alterations in cancer progression (220).
Analyses of advanced cancers may never fully reveal the
biology of early neoplastic development, which is likely to
be irregular, as evident by the ability of precancers to
progress, lie dormant, or regress entirely.
Studies with sufﬁcient scientiﬁc rigor that do not disrupt
the natural progression of cancer are difﬁcult. For example,
laboratory studies of precancer biology often require an
intervention (such as a biopsy to provide tissues for analysis) that inherently alters the natural history of the precancer. Thus, the integration of molecular biomarker data
with longitudinal clinical outcomes data in the presence
and/or absence of preventive interventions remains limited for precancers.
Hereditary syndromes that predispose to cancer offer
opportunities to analyze precancerous states, and the
development of such high-risk patient cohorts are critical
to inform research, providing insights relevant to the
broader population (e.g., the recent launch of GENERATE).
For example, individuals with family history of pancreatic
cancer or germline alterations who undergo pancreatic
surgery on screening have a higher rate of multifocal PanIN
and cystic lesions (221).
Bias can limit the usefulness of tests designed to identify
precancers. For instance, screening tests are better at identifying slow-growing than fast-growing precancerous
lesions. Lead-time bias may accelerate the time to identify
precancers and cancer without improving survival, and
populations willing to participate in screening often live
in a healthier manner than those less interested in screening tests, causing a "healthy person" bias.
The prevalence of risk factors differs by populations
and can invalidate a screening test. For example, screening will not reduce all-cause mortality if only a minority
(e.g., 2%–3%) of those with the cancer die because of the
malignancy. Even if screening is successful, oftentimes
less than 1% are saved. This explains why the number of
lives saved by screening is typically small. Finally, there
are rigorous criteria for any screening tests prior to
implementation (e.g., disease signiﬁcance, acceptable
test, effective and differential treatments for those with
vs. without risk factors or lesions, a tangible difference in
outcomes in those screened vs. those not screened).
Unless all components are aligned, screening tests are
often uninformative. More sensitive (e.g., metabolic)
screening tests are needed.
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how early life exposures to environmental agents may
transiently or permanently affect subsequent cancer risk.
A key issue in such work is the need to build the scientiﬁc
case against a potentially carcinogenic exposure with nonexperimental investigations including observational studies of exposed versus unexposed humans, supplemented
by studies in cell and animal-based models. Development
of tools to better assess the range of environmental carcinogens and the characterization of their mutational signatures will help guide priorities. Identiﬁcation of plausible biologic mechanisms is needed to validate claims in the
absence of direct experimental data. Given innumerable
potential agents and exposures that may be carcinogenic,
prioritization is challenging. Such exposures are expected
to be uncommon in the United States in 2018 and beyond
as highlighted in recent reviews that estimate populationlevel risks of environmental exposures at <1% to >60% for
different cancers and instead highlighted the importance of
early detection and interception in reducing overall cancer
burden (218). Communication of results and implications
of such studies to all stakeholders remains challenging as
well (14).

AACR Cancer Prevention Summit White Paper

Cancer interception. Identiﬁcation and development of
preventive interventions faces long-standing challenges.
First is the lack of well-established developmental strategies that have generated strong returns on investment.
Although there are now more than ten FDA-approved
agents for the treatment of precancers or reduction of risk
in above-average-risk individuals (Table 2), the developmental paths for each have been varied, challenging, and in
many cases, expensive in terms of time, study subjects, and
cost (223). Thus, drug development for cancer prevention
or precancer interception is largely publicly funded, with
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only a limited number of new experimental agents available for testing (176). The most cutting-edge new cancer
interception agents are actually repurposed FDA-approved
for different indications, which in theory should accelerate
the preventive drug development process.
A chief concern is the lack of clinically meaningful and
predictive intermediate efﬁcacy markers tied to cancer
biology that could guide phase II prevention trials, prioritize agents for entry into phase III trials, and accelerate the
developmental process. Preventive agent development
often requires protracted timelines between application
of an agent and assessment of its clinical beneﬁt. For
example, HPV vaccines were FDA approved on the basis
of their effects against precancers of the cervix, vulvovaginal, and anus in women and not their effects to prevent
invasive cancers. Beyond the initial FDA approval as a
preventive vaccine, it would now be useful to understand
the vaccine's effect on HPV viral persistence to better
inform screening algorithms.
While it is clear that HPV causes a subset of oropharyngeal cancers in men, cancers that are rising in incidence, to date there has not been a phase III trial
dedicated to testing the efﬁcacy of HPV vaccines against
this endpoint in male populations, and at this point,
given its widespread recommendations for girls and
boys, a phase III trial in this setting is unlikely. Oral
HPV infection is being used as a surrogate endpoint in
this context, and cohort data will also likely provide
important insights into this issue.
Identiﬁcation of high-risk individuals most likely to
beneﬁt from a preventive intervention remains challenging, as risks are an amalgam of lifetime exposures to
carcinogenic inﬂuences. It is unclear how we can quickly
and accurately identify at-risk individuals based on their
full spectrum of genetic susceptibilities, lifestyle choices,
and cumulative exposures. Models exist for speciﬁc exposures (e.g., "pack-years" re: tobacco exposures), genetic
risks (e.g., family history, germline mutations, BRCAPRO), commonly involved organs (e.g., Gail or Tyrer–
Cuzick models), precancers (e.g., Zauber/CISNET re: adenomas and colorectal cancer risk), or several aspects of
lifestyle choices ("Your Disease Risk" model at Washington
University, St. Louis, MO). Short-term risks in different
germline settings are critical to trial designs and available
on the ask2me.org website. However, an ideal model
predictive of both risks and beneﬁts following preventive
interventions remains to be developed.
In some cases, preventive medicines and medical
interventions are most effective when combined with
behavioral interventions. For example, tobacco cessation
is most effective when nicotine replacement (e.g., varenicline, or buproprion) is combined with behavioral
counseling (224). Success rates for such combinatorial
programs are as high as 35% to 45% versus average quit
rates of <5% with self-treatment, or <10% with assistance

Cancer Prev Res; 11(12) December 2018

Downloaded from http://aacrjournals.org/cancerpreventionresearch/article-pdf/11/12/735/1935549/735.pdf by guest on 17 August 2022

Just as great is the need to understand the biology of
identiﬁed lesions and to predict the fate of detected tumors.
Patients present with few reliable intermediate surrogate
biomarkers for health outcomes after screening. As a result,
researchers rely on mortality data, which is often difﬁcult to
capture and may change because of any number of factors
involved in data collection and interpretation. Such factors
include tissue sampling, the type and amount of biospecimen, biopsy or collection technique, initial preparation
and processing, assay, data analysis, and data interpretation. Identifying biomarkers is challenging, which is why
so few screening and early detection markers have been
developed, validated, clinically tested, and commercialized – cervix, colon and most recently, lung (222). Standardization of techniques as well as better molecular
characterization of precancerous conditions may help
overcome these challenges.
New tests require validation on a population level.
Without such analysis, there is a risk for "overdiagnosis,"
which involves the detection and, in many cases, treatment
of individuals with precancers or cancers that may never
have harmed the individual. Many screen-detected lesions
including low-grade PanIN and ductal carcinoma in situ
may not progress to lethal cancers, but rather trigger
treatment and possibly overtreatment because it is difﬁcult
to determine whether a lesion will become progressive or
life-threatening. In such instances, survival rates and cure
rates may improve without ever actually improving cancerrelated or overall mortality, as has already been shown
regarding melanoma, thyroid, prostate, and kidney cancer.
Risk detection strategies that guide clinical decision
making are often based in image data rather than molecular data. Imaging permits insights into risk with minimal
disturbance to the tissues. Mammography, CT colonography and abbreviated liver MRI are typically applied in a
screening context, although they may be used later in a
more diagnostic context. These early-detection tests often
depend on highly skilled operators or relatively expensive
technologies, rendering them vulnerable to variability and
less accessible to large cohorts of patients. Biomarkers may
be employed along with imaging to improve outcomes
and limit risks, although challenges of limited access and
quality control across providers remain in many instances.

761

Lippman et al.

762 Cancer Prev Res; 11(12) December 2018

designed to prevent progression to invasive colorectal
cancer (232).
Tertiary prevention
Challenges related to cancer prevention extend to the
tertiary setting as well. Lifestyle elements can improve
quality of life and survivorship. As in other areas of
prevention, implementation and dissemination of effective strategies are likely to be uneven across the U.S.
population. Most clinical datasets and studies are limited in their racial and ethnic diversity. Few studies
collect data on risk, geographic, and socioeconomic
factors important to outcomes, missing an opportunity
to address compelling questions related to cancer
survivorship.
Cancer treatment summaries required by the American
College of Surgeons' Commission on Cancer to ease
care transitions between providers include limited information on health behaviors. There is no clinical or population-based infrastructure to support recommended
health behavior changes or to assess their uptake by individuals or populations. We must move beyond periodic
dietary self-assessments to more robust assessments and
biomarkers for cancer risk. Implementation of exercise and
weight management into cancer survivorship care plans
has been limited by a lack of reimbursement for these
services. One solution may be to include exercise programming as part of outpatient cancer rehabilitation services.
Current limitations and obstacles in cancer prevention:
summary.
1. Barriers to the further development of cancer
prevention as a strategy to reduce the cancer
burden are numerous, varied, and include the:
Overall breadth of the prevention ﬁeld;
Deﬁnition of disease worthy of identiﬁcation and
intervention;
Consideration of the relative impact of a preventive
versus therapeutic strategy;
Lack of private funding;
Challenges in interdisciplinary communication;
Fragmented health care systems unable to provide
evidence-based and comprehensive prevention
and screening services.
2. Accurate and comprehensive forecasting regarding
the prognosis of a lesion, the organ in which it is
contained, and competing causes of morbidity and
mortality are the collective goals of cancer risk
assessment and intervention.
3. The extent and implications of precancer
heterogeneity are just now beginning to be
elucidated. As recently demonstrated in the
context of pancreatic cancers, multistep
progression can occur over a span of many years,
and ancestral clones of cells harboring driver
*

*

*

*

*

*
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from state quitlines as described below regarding the
Asian Smokers Quitline.
Treating cancer-associated microbial infections is another method of cancer interception. For example, hepatitis B
vaccination is effective in the short term on hepatitis B
infection (225) and in the long term on rates of chronic
hepatitis, cirrhosis, as well as hepatocellular cancer in
vaccinated versus unvaccinated populations (226). HPV
vaccination has similar effects on the rates of HPV-related
(e.g., oral) infections and precancers, and likely similar
effect on development of cancers, cancer-associated morbidities, and cancer-associated mortality over time in
populations with good vaccination rates. A recent Australian cost analysis proved that changing from Pap testing
every 2 years to primary HPV testing every 5 years with
partial genotyping saves lives, is more cost effective, and
reduces disease incidence (227). Finally, although hepatitis C screening and treatment is recommended by the CDC
and others (see above), disease incidence in underserved
populations of the United States with high rates of needle
sharing or sexual exposures, combined with high medication costs, have made implementation of recommended
screening and drug delivery challenging. It is currently
estimated that 50% of HCV infection is occult, with an
estimated 3.5 million infected. Only 16% of this number
receive HCV treatment, and 9% achieve sustained virologic
response (228). Overall, implementation of screening and
drug delivery for cancer prevention in the United States is
often limited by practical concerns of dissemination related to socioeconomic status, underscreening, and costs.
The role of immunity and immune modulation in the
development, progression, and treatment of precancers
remains unknown for cancer interception. One clinical
pathway would be immunization of patients with precursor or high-risk lesions to eradicate noninvasive tumors,
or to prevent their progression to invasive malignancy.
Unfortunately, even in preinvasive and high-risk lesions,
complex modiﬁcations are occurring in the TME that may
limit the generation of effective vaccine-induced immunity. For example, single-cell RNA-sequencing analyses of
IPMNs found progressive depletion of cytotoxic and Th
cells and dendritic cells at the expense of immunosuppressive myeloid-derived suppressor cells (45). Furthermore,
even early mutations may drive immunosuppressive
mechanisms as illustrated by KRAS mutations in early
pancreatic precancers, inducing the secretion of GM-CSF
and IL-6, which recruits myeloid cells that drive a proinﬂammatory microenvironment, thereby enhancing tumor
growth and limiting the development of adaptive immunity (229, 230). This phenomenon has also been shown for
Ras-mutated lung precancer and is associated with a poor
prognosis (231). Elevated levels of myeloid-derived suppressor cells, potent suppressors of type I immune
responses, are present in patients with colonic adenomas,
preventing successful immunization with a MUC1 vaccine
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Future Opportunities in Cancer
Prevention
Advances in technology and bioinformatics provide
unprecedented opportunities to better identify, character-
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ize, and detect preneoplasia and associated molecular
aberrations. Highly sensitive and speciﬁc assessments of
susceptibility and cancer risk, together with tailored preventive interventions, underlie the concepts of precision
cancer prevention and molecularly targeted prevention
(37, 235). Biomarker-based tests are already available for
cancer detection, but their utility is often limited to early
detection in high-risk populations. Molecule-based screening assays have the potential for both under- and overdiagnosis, requiring thoughtful interpretation well as conﬁrmatory diagnostic testing and/or treatment.
Conceptual/procedural
Greater public and professional awareness of precancer development and progression will drive the
public's appreciation of the duration and complexity
of carcinogenesis (236). Concordantly, ongoing
research must be advanced to evaluate the best methods to educate the public and health professionals
regarding screening trade-offs and how to evaluate
screening tests' value.
New technologies will help advance our understanding
and practice of risk prediction and cancer prevention.
Sorely needed are surrogate intermediate endpoints that
can be quantiﬁed, tested by investigators through the
existing preventive biomarker developmental paradigm
(237), considered and approved by regulators, and applied
as a focus for reimbursement by payors (176). Summit
attendees suggested the need to create a "Roadmap for
Precision Molecular Diagnostics" in collaboration with
NCI, FDA, and other stakeholder organizations to clarify
and standardize the regulatory pathway for preneoplasia
assay development. Such insights may help render clinical
trials smaller, shorter, more predictive of long-term beneﬁts and risks, and less expensive. A more rapid and
successful pipeline (e.g., using repurposed drugs) from
research to the clinic will aid public interest in prevention
and encourage investment from the private sector.
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5.

mutations can migrate through the ductal system,
colonizing topographically distinct areas of the
parenchyma (23). Similar ﬁndings were reported
years earlier in the context of a single p53-mutant
clone colonizing the respiratory tree in a patient
with widespread squamous dysplasia but no overt
carcinoma (233). These data on "ﬁeld
cancerization" by mutant clones underscore the
challenges of screening individuals for initial or
subsequent cancers, and suggest that screening
might be a lifelong consequence in certain
contexts.
Additional studies are needed to deﬁne the role of the
microbiome in the development, progression, and
prevention of precancers. The recent identiﬁcation of
high quality neoantigens in long-term survivors of
pancreatic cancer that demonstrate molecular
mimicry with bacterial antigens suggests that the host
microbiome is likely to impact the natural history of
pancreatic cancer development through multiple
mechanisms, both cell intrinsic and extrinsic (234).
The molecular complexity and heterogeneity of
tumor biology and the limited existing data
regarding the earliest stages of disease progression
challenge preventive agent identiﬁcation, trial design,
and the ability to enroll molecularly similar patients
in target-driven prevention trials.
The biology of early neoplastic development is
dynamic, reﬂecting precancers that progress, lie
dormant, or regress entirely.
Fourteen agents have received FDA approval for the
treatment of precancers or reduction of risk in aboveaverage risk populations.
Preventive drug development challenges include:
Lack of established developmental algorithms or
strategies to generate signiﬁcant returns on
investment;
Limited knowledge of the molecular mechanisms
of the earliest stages of precancer development;
Lack of valid and predictive intermediate efﬁcacy
markers tied to cancer biology;
Little is known regarding the role of immunology and
immune modulation in the development,
progression, and treatment of precancers for cancer
interception.
Current clinical studies and datasets are limited in
racial and ethnic diversity; few collect data on risk,
geographic, and socioeconomic factors important to
cancer outcomes.

Cancer biology
A top scientiﬁc priority is to investigate the biology of
premalignancy by better characterizing the molecular aberrations and pathways that regulate the earliest steps in
precancer initiation and progression prior to invasion, as
well as the biologic processes that sustain normalcy and
nonprogression (i.e., the PCA). The summit recommended
a national concerted effort to create a PCA, integrating
multiomics, stem cell, and immune oncology—basic
tenets of the neoplastic process—to interrogate, target, and
intercept events that drive oncogenesis (6, 8, 34, 238).
Suitable cancers to study include breast, colorectal, lung,
pancreatic, and skin cancers. The project would include
specimens from nonneoplastic tissues, nonprogressive
precancers, and progressive precancers to gain broad
molecular insights into current biology, as well as the
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1. Processes underlying germline deterioration via clonal
expansion of somatic alterations in healthy tissues
during aging;
2. Identiﬁcation of markers from TCGA and PCA data for
progression and early intervention of premalignant
lesions;
3. Integration of high-throughput data from various
platforms with clinical data;
4. Integration of genetic and environmental risk
stratiﬁcation models for targeted screening and
prevention;
5. Biomarker identiﬁcation for early detection and for use
as surrogate endpoints for chemoprevention trials;
6. Better methods for analyzing metadata and combining
data using methods such as network meta-analysis,
and;
7. New ideas, such as the use of wearable devices and selfenrollment into prevention studies.
A systems biology approach should be used to
inform the development of preclinical model systems
that are critical to progress (especially for exposures
that cannot be tested in humans), as well as to determine which preclinical systems might be best suited to
analyze prevention. Imaging should become better
integrated into precancer research. For example, the
importance of liver fat in NASH progression was established with new imaging technology called MRI Proton
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Density Fat Fraction [see "Cancer Chemoprevention"
subsection; opportunities for serial measurement and
assessments across time and individuals should be
leveraged, using imaging and "omics"-based assays of
easily accessible cancer or surrogate tissues (e.g., blood,
buccal mucosa, skin] that have already been used for
epidemiologic analyses.
Little is known about how the microbiome inﬂuences immunity and neoplastic initiation and progression, and much remains to be determined,
including:
1. Do speciﬁc microbiota protect against, or stimulate
cancer initiation and progression?
2. Does the microbiome contribute independently to
cancer risk?
3. How may microbiota be manipulated to reduce the
risks of cancer and/or other chronic diseases?
The human microbiome may profoundly inﬂuence the
immune response to cancer, which underscores the need
for complete characterization of the oral, gut, and genitourinary ﬂora and their relationship to immunity.
Further characterization of the microbiome in the presence and absence of cancer will be essential to understanding how best to leverage the microbiome to detect
and treat cancer.
Primary prevention
Several opportunities relating to primary prevention or
interventions designed to reduce cancer risks or exposures
are relevant to the average-risk, general population. Epidemiologic or environmental transitions in precancer or
cancer incidence or mortality (e.g., concomitant increases
in liver cancer incidence/mortality in the United States with
reductions in Asia; reductions in lung cancer incidence/
mortality in the United States with increases in Asia, etc.)
provide opportunities to study cancer etiology. Better data
are needed, however, on population-wide behaviors relevant to cancer and precancer initiation and development.
In addition, development and application of exposome
technologies could improve understanding of environmental etiologies and mechanisms of carcinogenesis.
Tobacco. Progress in reducing the prevalence of tobacco
use over the last 50 years has been notable, but not
equitably distributed across all population subgroups.
The prevalence of tobacco use remains high among
those with mental health conditions, those with a high
school education or less, those living below the poverty
level, and among Native Americans and other vulnerable populations. Further progress will depend on reducing the rates through control efforts tailored to these
groups (115).
Electronic nicotine delivery systems (ENDS) or
e-cigarettes present a new challenge and threaten to
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selective forces that shape the evolution of cancer from its
inception through potential paths of dormancy, regression, or progression to an invasive state. Both epithelial
tissues as well as the surrounding TME should be studied.
Cancers for which we have banked tissues, or for which
tissues can be easily and serially accessed (e.g., skin nevi,
colorectal polyps, oral precancerous lesions) may represent
an opportunity to pilot studies on how biomarkers change
with disease development. Such sampling should include
representation from all subpopulations, including underserved and underrepresented constituencies.
Analyses of biospecimens should be technically comprehensive and cover the spectrum of neoplastic initiation, development, and fate. Genomic, epigenomic,
and proteomic analyses of normal, preinvasive (progressive, dormant, and regressive), and high-risk
lesions should be conducted to understand the linkage
between genotype and phenotype. Such analyses may
also result in the identiﬁcation of useful immunogenic
targets and provide clinicians the ability to explore
immunologic alterations in tissues that may prevent
successful immunization.
These analyses should assume a systems biology
computational approach to optimize integration and
data interpretation across multiomic and immune proﬁling in longitudinal samples collected over time.
Insights might include:

AACR Cancer Prevention Summit White Paper

1. Raising and enforcing the minimum legal age of
purchase for all tobacco products;
2. Including e-cigarettes in new and existing smoke-free
policies;
3. Regulating e-cigarette marketing;
4. Educating youth on the dangers of e-cigarette use, and;
5. Expanding and improving research related to
e-cigarettes.
Obesity, energy imbalance, and physical inactivity. Obesity is
fast becoming a dominant cancer risk factor in the United
States and other Western populations, suggesting its
importance as an opportunity for cancer prevention
research and evidence-based cancer control actions
(240). In response to this growing area of concern, key
recommendations were outlined:
1. Apply lessons learned from tobacco use control to
other macro-associated risks such as obesity,
physical inactivity, and high-sugar beverages;
2. Promote preclinical and clinical studies of "metabolic
obesity" in rodent models and/or healthy-weight
individuals;
3. Investigate how weight loss during adulthood
inﬂuences cancer risk associated with lifetime obesity;
4. Develop greater insight into which mechanisms link
obesity to cancer;
5. Evaluate exercise as a systemic intervention.
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Summit participants raised numerous questions related
to obesity, including:
1. Should DEXA scans to assess body composition
become a part of routine clinical care of normal size
individuals to complement and extend the insights
provided by BMI?
2. Can clinical interventions improve adipose-related
chronic inﬂammation, reduce insulin resistance,
induce weight loss via medications, and/or modify the
microbiome?
3. Given metformin's promise as a possible preventive
agent, how does it work to reduce cancer risks, is it
efﬁcacious in clinical testing in various populations
and settings, and what are its effects on the
microbiome or on cancer vaccine efﬁcacy?
4. Are biguanides effective at controlling blood sugar
and/or cancer initiation and development?
5. Can weight management reduce cancer risks in clinical
trials, and if so, at which sites and over what time course?
6. If weight loss or increased physical activity reduce
cancer risks, how might we best incentivize these
actions across the population?
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undo the half-century of progress made in tobacco
control. Although some experts advocate use of ENDS
for tobacco cessation and harm reduction, the December
2016 Surgeon General's Report afﬁrms a strong association between the use of e-cigarettes and use of conventional tobacco products (209). Particularly concerning is that e-cigarettes are now the most commonly used
form of tobacco among youth. According to the CDC,
approximately 16% of high school students and 5% of
middle school students reported current e-cigarette use
in 2015, compared with 1.5% and 0.6% in 2011, respectively (239). This is concerning not merely because of the
potential for subsequent traditional tobacco use, but
because ENDS are designed to deliver nicotine, a highly
addictive substance that is unsafe in any form for youth.
Additional concerns surround the aerosol that ENDS
emit. The Surgeon General's Report states that it is not
a harmless vapor as some have suggested, but rather that
it contains several known carcinogens. In 2016, the FDA
deemed ENDS subject to their regulation, allowing the
FDA to regulate the manufacture, import, packaging,
labeling, advertising, promotion, sale, and distribution
of ENDS, although regulations have not been promulgated to date.
Opportunities to prevent and reduce e-cigarette use and
associated harms include:

UV radiation exposure. There are many evidence-based
opportunities for actions to reduce exposure to harmful
UV radiation, from both natural and artiﬁcial sources. At
the policy level, 13 states plus Washington, D.C., have
passed legislation banning minors from the use of tanning
beds, with more states considering similar legislation. In
2013, Texas banned those under age 18 from using
tanning beds; by 2016, most indoor-tanning facilities
within the state complied with the ban (241). Policy
changes at the institutional level could help but are as
yet limited. For example, schools might provide more
shade structures to cover playgrounds or institute policies permitting the application of sunscreen or requiring
hats to be worn by children when outdoors. In addition
to policy changes, greater awareness of the harmful
effects of UV exposure in all forms is needed. Several
research-tested intervention programs designed to
increase awareness and promote sun-protective behaviors, particularly among children, are now publicly
available through NCI's Research-Tested-InterventionPrograms website. Key remaining questions include how
best to implement and disseminate such programs tailored to the needs of high-risk populations and high-risk
regions of the country.
Cancer-associated microbial infections. Opportunities in
this area relate to improving the implementation and
dissemination of evidence-based interventions, such as
increasing rates of HPV vaccination and HCV screening.
Within the United States, HPV vaccine uptake can be
accelerated by:
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1. Reducing missed clinical opportunities to recommend
and administer the vaccine;
2. Strengthening providers' recommendations to parents;
3. Ensuring the consistency of vaccine messaging;
4. Increasing acceptance of the vaccine among parents,
adolescents, and caregivers, and;
5. Maximizing access to vaccine services (137).

Environmental risk factors. As noted in the 2010 President's
Cancer Panel report, there are innumerable opportunities
to explore various environmental risk factors and cancer
(217). The President's Cancer Panel identiﬁed several
classes of agents linked with various cancers, but details
regarding dose, duration, and frequency of exposures
required to cause cancer are needed, as well as how risks
of exposure might be best mitigated.
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Secondary prevention
Opportunities to direct preventive interventions or interception toward at-risk individuals abound. Furthermore,
precision cancer prevention continues to attract attention
from cancer researchers operating in basic, translational,
population, and clinical sciences, as well as in private
industry, as the identiﬁcation of high-risk cohorts and
target-directed interventions both involve molecularly
informed analyses.
Risk evaluation and screening. Risk evaluation for secondary prevention typically involves identifying individuals at
greater than average risk from a larger population. Identiﬁcation depends on questionnaires or clinically based
parameters, such as assessment of past exposure to cancer
risk factors or a personal or family history of precancer or
cancer. Many risk models based on such data are already in
place and applied clinically. Such instruments guide
approved interventions and identify high-risk individuals
for entry into prevention trials. It is unknown whether
germline or environmental exposures have already altered
tissue biology in a manner that would result in increased
cancer risks due to aberrancy in molecular pathways or
functional hallmarks of cancer. On a population level,
application of such molecular assays for risk stratiﬁcation
may provide mechanistic insight into associations between
exposures and cancer risk via pharmacogenomics and/or
pharmacometabolomics.
Biospecimen collection could generate valuable
resources. For example, genomic assessment might arise
from DNA obtained from an accessible site unlikely to have
been affected, such as blood, buccal mucosa, or skin, as
opposed to sampling from exposed and possibly affected
tissues or associated ﬂuids, such as from the colon or lung,
which may exhibit "ﬁeld cancerization" effects (246).
Assessments would survey not only the germline and
potentially affected tissue genomes but also the metabolome, proteome, microbiome, and tissue microenvironment(s). Analyses would be cross-integrated. Results might
permit comparisons across the spectrum of neoplastic
development and progression including normal, precancers, and cancer, as well as across a population of individual lesions within and across individuals to gain insight
into the uniformity or heterogeneity of molecular aberrations or precancers.
Applications of such molecular knowledge could assist
risk identiﬁcation and stratiﬁcation on the context of
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A mixture of actions from across policy, education, and
clinical service domains will be required to fully leverage
these opportunities. To spur vaccine uptake globally,
the United States must continue to collaborate with and
support GAVI, The Vaccine Alliance as well as low- and
middle-income countries in their efforts to develop and
implement cancer control plans and registries (137). The
cancer-preventive beneﬁts of the HPV vaccine include
randomized trials of single-dose schedules (215) and
cohort studies assessing vaccine efﬁcacy for oropharyngeal
cancer development.
Opportunities to prevent liver cancer due to HCV relate
to better identiﬁcation of infected individuals with subsequent linkage to treatment. Because a screening strategy
based on risk alone missed more than 50% of HCV infections, and because those born between 1946 to 1964
accounted for three fourths of all HCV infections, the CDC
recommended one-time birth cohort screening in 2012, to
complement continued risk-based screening (242). Few
data exist at the moment regarding the one-time birth
cohort screening strategy. Current studies are testing various interventions to identify those who should be
screened (243). A 2014 modeling study showed that
expansion of one-time birth-cohort screening to one-time
universal screening would identify an additional 446,700
HCV cases over a decade. If treatment capacity were unlimited, this result could reduce adverse long-term outcomes,
leading to 96,300 (40%) fewer HCC cases between 2014
and 2050 (244). Thus, we have an opportunity to improve
HCV case identiﬁcation and long-term HCV outcomes,
including liver cancer, through more aggressive screening
recommendations and expanded treatment capacity. The
Extension of Community Healthcare Outcomes project,
begun by hepatologist, Dr. Sanjeev Arora at the University
of New Mexico (Albuquerque, NM), shows potential to
increase treatment capacity by improving access to care for
poor and underserved populations at risk of HCV infection
(245).

For the future of primary cancer prevention, we must
prioritize prevention, as well as personalize precisely
delivered assessments of risk, exposures, and individualized interventions. Delivery should reach outside
of clinical settings. As wearable sensor technologies
become more commonplace, precise and individualized
health interventions may replace generic public health
recommendations.
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Cancer interception. Prevention can beneﬁt greater-thanaverage-risk individuals in the context of cancer interception in many ways. Recent discoveries of mutation type,
order and landscape, germline-somatic interactions, and
immune signals are having profound implications on
cancer interception (also listed above):
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1. PCA: Molecular characterization of precancerous
lesions will illuminate the process of cancer
initiation and progression, clarifying "ﬁeld effects" and
the timing and role of heterogeneity in early lesions. A
"3-D Atlas" of preneoplasia will also provide insights
into the immune and stromal perturbations that
accompany multistep progression, including putative
neoantigens that might evoke a productive effector Tcell response and the dynamics of immune editing in
preneoplasia. Combined with preclinical, in vivo safety,
and efﬁcacy data, insights may guide selection of
agents for early-phase clinical testing. Selection criteria
should take into account molecular targets and the fate
or progression of precancers. Interactions between
gender, anatomic site, risk-relevant behaviors, and
host–pathogen interactions will need to be accounted
for. Molecularly targeted agents: Insight into the
molecular biology of precancer should facilitate the
identiﬁcation of targets, the molecular agents that can
interact with those targets, and the testing of such
agents in relevant populations. Molecularly targeted
agents have revolutionized cancer therapeutics by
reducing toxicity and improving responses in
individuals whose tumors are driven by relevant
mutations. Imatinib and BCR-Abl tyrosine kinase
inhibitors have been very successful in treating patients
with chronic myeloid leukemia. A breakthrough
trial in patients with very high-risk precancer, such as
FAP, with devastating development of duodenal
adenomas, ethically justiﬁed an aggressive and more
toxic approach (supported by strong biologic
probability) and reported highly-signiﬁcant clinical
beneﬁt after a 6-month intervention of erlotinib and
sulindac (104). This seminal cancer prevention trial
also highlighted the importance of exploiting
repurposed drugs (erlotinib for lung cancer and
sulindac for arthritis) to test new scientiﬁc
hypotheses.
2. Microbial infection: The success of vaccines against
cancer-associated microbes such as HPV and its related
precancers, such as cervical, vulvovaginal, and anal
precancers (247), suggests that prevention of
microbial infection through vaccination (a primary
prevention strategy) can reduce cancer risk at
susceptible sites. Eradication of established microbial
infection by treatment (a secondary prevention
strategy), as with treatment of hepatitis C, should also
safely reduce cancer risk. Data related to treatment of
HCV and reduced risk of HCC are less mature as a
report of veterans cured of HCV suggests that HCC
may still occur (248). Timing of microbial eradication
may inﬂuence preventive effectiveness. Nevertheless,
even a reduction of risk could prove signiﬁcant given
how difﬁcult HCC is to screen for, diagnose at an early
stage, and treat.
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cancer prevention. For example, such information could
distinguish patients with indolent lesions from those
with aggressive lesions, thus distinguishing those who
may be able to avoid invasive procedures from those
who should undergo additional testing. Molecular markers can also help identify which therapies might be
best suited to which patients and to distinguish those
likely to respond from those unlikely to respond.
With such tailored prognostic information, recommendations for preventive and surveillance strategies can be
personalized.
These data lay the groundwork for individually focused,
precision approaches to cancer screening, diagnosis, and
prevention. Individuals with the most immediate risk
could be identiﬁed. The process of cancer development
could be better understood. At the moment, such markers
would most likely be derived from biospecimens and
tissue samples and processed for molecular markers. In
the future, use of systemic markers (e.g., circulating tumor
cells) or molecularly informed imaging may be possible.
Easily accessed markers or noninvasive imaging could also
reduce the need for invasive procedures and help overcome
difﬁculties associated with accurately measuring processes
without disrupting them.
Improved biomarkers or imaging bring opportunities
to better deﬁne the natural history of precancers and
increase our ability to screen and provide preventive
interventions. Integrated analysis of biostatistics, bioinformatics, and genetic epidemiology is required to predict which precancers are most likely to remain stable,
regress, or progress and become of clinical concern. More
understanding of precancer biology combined with
more quantitative statistical analysis will help reﬁne
screening algorithms, reduce the invasiveness of risk
assessment, and reduce overtreatment through better
identiﬁcation of individuals most likely to beneﬁt from
screening.
Expanded biomarker characterization and research will
also inform implementation and dissemination research
related to neoplastic screening and risk assessment. Implementation and dissemination research carries over from
clinical efﬁcacy trials to cancer control, identifying actions
that could with reasonable assurance realize the promise of
prevention research across populations. Research on the
optimal implementation of screening tests has distinguished effective from ineffective screening tests, protecting patients from unnecessary harm and reducing unproductive diversion of health care resources.
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Precision cancer prevention may soon be possible. We
must educate everyone about successes to date and the
potential of this ﬁeld to make a positive contribution to
cancer management. This potential is neatly illustrated in
the example of cervical cancer, where the most effective and
widely implemented strategy is almost entirely premised
upon screening, early detection, vaccination, and early
precancer management. Cancer treatment is still required,
but for fewer individuals as more progress occurs in implementation and dissemination of evidence-based screening
and prevention programs.
Tertiary prevention
The future of tertiary prevention will depend on
improved infrastructure to support behavioral interventions among survivors. Although lifestyle changes can
mitigate risks of subsequent secondary cancers, lifestyle
changes bring challenges as well. A triage system for exercise versus rehabilitation that is realistic and can be dis-
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seminated in the current oncology clinical care environment is urgently needed. Overall, the evidence base for
cancer rehabilitation must be established. Research is
needed to determine the effects of survivorship care on
lifestyle behaviors. Research on energetics and cancer is
needed. In addition, the ﬁeld must prioritize individualized and population-based interventions that are capable
of being implemented on a broad scale. Training and
education supported by the NIH in the Trans-Disciplinary
Research on Energetics and Cancer (TREC) initiative has
supported progress in this area. For example, diet and
weight loss trials in cancer survivors include the largest
NCI-funded, multicenter weight loss trial in overweight or
obese breast cancer survivors. At 12 months, the mean
weight loss was 6.0% in the intervention group versus 1.5%
in the control group (P < 0.001; ref. 249). Analyses of
NHANES data found that the frequency and timing of
meals inﬂuenced breast cancer risk biomarkers in (250)
TREC-funded proactive preclinical and a Women's Healthy
Eating and Living (WHEL) cohort studies (172), which
found a highly signiﬁcant beneﬁt of time-restricted feeding
(independent of total caloric intake) in breast cancer
survivors. A sedentary lifestyle in breast cancer survivors
in the WHEL study was related to a 22% increased risk of
breast cancer mortality (251).
Future opportunities in cancer prevention: summary.
1. Sensitive assessments of cancer susceptibility and
risk together with tailored preventive interventions
will enable precise molecularly targeted cancer
prevention. With the decreasing cost of germline
genetic testing (both physician ordered and direct to
consumer panels), we will increasingly identify those
at inherited predisposition to various cancers,
providing a population ripe for cancer interception
(252). Hereditary cancer predisposition germline
mutations can be identiﬁed accurately from cell-free
DNA (253).
2. Promotion of greater public and professional
awareness of the evolution and risk of preneoplasia
development and progression will improve
understanding of cancer development and the time
course and complexity of carcinogenesis. Short-term
risks in different germline settings are critical to trial
designs and available on the ask2me.org website.
3. Research should focus on the biology of
premalignancy, the molecular aberrations and
pathways of precancer initiation and progression to
invasion, and the biologic processes that sustain
normalcy and nonprogression.
4. Epidemiology of precancer, cancer, and cancer-related
mortality provides clinicians with an opportunity to
understand cancer etiologies, although data on
population-wide behaviors relevant to cancer
initiation and development are rarely collected.
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3. Biomarkers: Biomarkers for the precancerous state are
in short supply and are desperately needed to accelerate
agent identiﬁcation, testing, and approval. One
example is oral HPV infection (especially in boys) as a
surrogate vaccine endpoint informing potential impact
on oropharyngeal cancer. Sustained virologic response,
which has been used to identify drugs useful for
hepatitis C treatment and for gauging clinical response.
Future progress will depend on clinical trials designed
to follow an intervention through to long-term and
clinically valued outcomes. One example pertains to
the prospective trials of circulating tumor DNA using
ultrasensitive NGS technologies that are being pursued
in apparently asymptomatic populations like adult
women undergoing mammography. These prospective
studies have the potential to realize both the promise of
early detection and cancer interception, as well as the
potential perils of overdiagnosis from detection of
indolent precancers.
4. Thorough analysis of interception regimens: All
aspects of an interception regimen, including the
dose, route, duration, and frequency of
administration, should be analyzed. Prevention has
been thought to require daily, lifelong agent
administration, but data now suggest that a daily
regimen may not be required, especially with shortterm immune interception approaches with PD-1
inhibitors in very high-risk groups, and cancer vaccines
which may only require 1-3 doses to stimulation
immune memory.
5. Interactions between interception and genetic
variation. The host genome may inﬂuence where,
when, and how (mutational landscape) cancer
develops (64, 65). Key genetic polymorphism may
interact with molecularly targeted or immune-directed
agents, as well as other interceptive agents.

AACR Cancer Prevention Summit White Paper

Cross-Cutting Issues in Cancer
Prevention
Cancer health disparities were identiﬁed as among the
most pressing issues in cancer prevention. Disparities
inﬂuence every aspect of the cancer care continuum, from
prevention and screening, through diagnosis and treatment, and to survivorship and end-of-life care (254,
255). Racial and ethnic minority groups continue to be
underrepresented in biomedical research and clinical trials,
and malignancies that disproportionately affect these
groups remain understudied. Disparities may be exacerbated by uneven access to scientiﬁc and technological
advancements. For example, the burden of head and neck
cancer is greater for blacks than for whites, driven by a
striking interaction between oropharyngeal cancer, race,
and HPV (256). HCC is the second most common cause of
cancer-related death in U.S. Hispanic men, who also have
the highest rate of HCC precursor (NASH) lesions; the
burden of hepatic neoplasia in Hispanics is tightly linked
to obesity. In the national Hispanic Community Health
Study/Study of Latinos focusing solely on Hispanics, the
strongest predictor of moderate and extreme obesity was
length of residency in mainland US, rather than acculturation (257).
According to the NCI, disparities are "adverse differences in cancer incidence, prevalence, death, survivorship, and burden of cancer or related health conditions
that exist among speciﬁc population groups in the United States." The Institute of Medicine distinguishes a
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disparity from a difference, stating that "a disparity is
not just a difference in outcomes, but an inequity in
outcomes that results from inequitable distribution of or
access to resources that promote good health . . . a
difference may become a disparity" (258). Successfully
addressing disparities will require proportional resource
distribution founded on baseline need to ensure greater
equity.
Disparities exist in cancer incidence, mortality, and survival when populations groups are compared by gender,
race, ethnicity, and socioeconomic status, disability, geographic location, and sexual identity. However, too often
disparities are viewed through a limited set of only these
variables, which limits our understanding and consideration of potential solutions. For example, overemphasis
solely on race and ethnicity as determinants of cancer
health disparities without considering other important
measures provides an incomplete picture. An emerging
concept, termed social determinants of health, considers
conditions in the places where individuals live, learn, work,
and play as determinants of health risks and outcomes. An
excellent and detailed model for considering disparities in
cancer development, care, and outcomes has been put
forth by Warnecke and colleagues (254). The model considers the social determinants of health, as well as individual demographics, risk behaviors, and biological factors. This and other similar models that consider social
determinants of health have the potential to improve
health outcomes at the individual and population
level as well as improve health equity. For example, an
individual's zip code has been proposed as an essential
new "vital sign," as residential location can be a strong
determinant of cancer risk and outcomes (259). A virtuous
cycle of research and cancer control actions relevant across
diverse countries and contexts could enable more rapid,
efﬁcient, and cost-effective discoveries and implementation strategies in multiple settings.
To address disparities, we must improve the delivery of
evidence-based interventions that follow the IOM's
STEEEPS criteria for quality care (i.e., care that is safe, timely,
efﬁcacious, efﬁcient, equitably distributed, patient-centered,
and sustainable; ref. 260). STEEEPS criteria should pertain to
all interventions within all population subsets.
Cancer prevention and screening efforts have
improved but have not been equitably distributed; many
groups have been left behind. Although it is reassuring
that cancer health disparities are part of the National
Cancer Moonshot plan, there are still many actions that
the federal government needs to implement to address
cancer health disparities. Such actions include creating a
national cancer control plan, appointing a national
leader to organize and coordinate committed partners,
and increasing funding of both prevention research and
evidence-based cancer control actions. In addition, prioritizing research funding to address cancer disparities
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5. Exposome technologies can be applied to better
understand environmental causes and mechanisms
of carcinogenesis.
6. Primary cancer prevention can be improved through
use of evidence-based interventions developed in a
manner concordant with the Institute of Medicine's
STEEEP criteria.
7. A PCA involving molecular characterization of
precancerous lesions will illuminate the process of
cancer initiation and preinvasive progression,
elucidating "ﬁeld effects" and the timing and role of
heterogeneity in early lesions. The Beau Biden
Moonshot has funded such PCA efforts in lung, colon,
breast, melanoma, and in hematologic malignancies
(clonal hematopoiesis) and this will undoubtedly lead
to important insights.
8. Established therapeutic agents can be repurposed and
directed against precancers, advancing interception.
Agents so identiﬁed include tamoxifen, raloxifene,
aromatase inhibitors, and 5-ﬂuorouracil.
9. Tertiary prevention will depend on enhanced
infrastructure in support of behavioral interventions
among survivors, including the lifestyle changes that
may mitigate risk of secondary cancers.
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by utilizing the Cancer Moonshot initiative as a model
should be considered (1). Prevention of any disease can
occur at two basic levels: (i) avoiding or reducing risk
factors coupled with increases in protective factors (primary prevention) and (ii) detection and intervention
early in the course of disease evolution (in the cancer
ﬁeld is referred to as cancer interception).

Top Five Priority Recommendations

Prevention research
1. Precancer Atlas;
2. Obesity research to develop interventions and
understand cancer-related mechanisms;
3. Preventive applications of immune- and targeted
therapies; and
4. Development of approaches to overcome inequities
and reach all populations in need.
Evidence-based cancer control actions
1. Implementation of comprehensive, evidence-based
interventions to advance the delivery of preventive
and screening services, public and professional
education, health behavior interventions, and public
policies in the general population and high-risk
subsets, including cancer survivors. Such actions must
overcome inequities.
The hope is that these ﬁve recommendations will provide an organizing framework for the ﬁeld of cancer prevention. This roadmap can unify a ﬁeld that consists of,
and is inﬂuenced by, numerous disciplines. Population,
basic and clinical contexts now enable an enhanced focus
on prevention research. Vogelstein's recent "Policy Forum"
piece in Science elegantly articulated the major global
impact of cancer prevention and the challenges, discussed
above, and included the predominant disconnect between
the critical importance of cancer prevention to reduce
mortality, yet this ﬁeld receives limited support, estimated
to be <10% of global cancer research funding. Connecting
epidemiologic and molecular perspectives is critical to
inform cancer research and prevention strategies (261).
For example, obesity is increasing globally at alarming
rates, yet we have limited understanding of what drives
the obesity-cancer connection. Adipose tissue is a source of
mesenchymal stem cells, create suppressive microenviron-
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At the conclusion of the Summit and in response to
a challenge advanced by the AACR President-Elect,
Dr. Nancy E. Davidson and the NCI Director (ad interim),
Dr. Douglas R. Lowy, the participants advanced ﬁve priority recommendations based on the prior two days of
presentations and discussions. These priorities included
four aspects of prevention research and the endorsement
of population-wide cancer control, as follows:

mental effects, and may promote cancer development by
inﬂuencing gene expression through reversible epigenetic
mechanisms. High-protein diet can reduce beneﬁcial
microbiota and metabolites, downregulating immune protection. High-fat diet was found to induce intestinal progenitor cells to adopt a more stem cell-like fate, increasing
tumor incidence, caused by certain fatty acids in the diet. In
contrast, calorie restriction has the opposite effect, associated with reduced tumor initiation. GWAS data ﬁrst identiﬁed the critical importance of the 1p31.3 locus, which
brought attention to the IL-23/IL-17 axis and ultimately led
to development of several FDA-approved psoriasis drugs
that speciﬁcally target IL-17 critical to cancer development
and prevention, including microbiome-induced colorectal
cancer. Another example of the value of connecting epidemiologic and molecular prespectives is illustrated by the
empiric observation that African Americans have poorer
response to interferon-based strategies for hepatitis C –
only later, with the identiﬁcation of polymorphisms in
interleukin (IL)-28B, was the mechanistic basis for this
observation clariﬁed.
The generation of mutations in ostensibly healthy cells
from eyelid to esophageal normal epithelia could be
important in the pathogenesis of other chronic diseases
of aging, such as diabetes, heart disease, and neurodegenerative disorders. This phenomena has been observed
in some other sites (e.g., skin, BRAF-mutant moles),
where clones are to a point where they become stable,
until epigenetic reprogramming or some other event
promotes transformation. The NOTCH1 mutation data
in this context is striking and suggests the predominance
in normal tissue may be due to tissue context (e.g.,
mutation order, and basic mechanisms that underlie
differences in mutational and clonal expansion rates)
or perhaps the normal cells acquire NOTCH 1 mutations
to protect/prevent transformation possibly via mutationinduced immunity.
In the last ﬁve years, the AACR has begun to emphasize the importance of cancer control, supporting initiatives in the policy arena. The AACR has subcommittees
on health policy, tobacco and cancer (e.g., AACR's
Tobacco and Cancer Subcommittee special report, a
comprehensive statement urging immediate action to
reduce tobacco use), and supports public education with
the production of Cancer Today. The AACR is poised to
continue, expand and accelerate advances related to all
ﬁve of the priority recommendations both nationally
and globally.
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