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Abstract

The hallmarks of premalignant lesions were first described in the 1970s, a time when relatively 

little was known about the molecular underpinnings of cancer. Yet it was clear there must be 

opportunities to intervene early in carcinogenesis. A vast array of molecular information has since 

been uncovered, with much of this stemming from studies of existing cancer or cancer models. 

Here, examples of how an understanding of cancer biology has informed cancer prevention studies 

are highlighted and emerging areas that may have implications for the field of cancer prevention 

research are described. A note of caution accompanies these examples, in that while there are 

similarities, there are also fundamental differences between the biology of premalignant lesions or 

premalignant conditions and invasive cancer. These differences must be kept in mind, and indeed 

leveraged, when exploring potential cancer prevention measures.
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1. The hallmarks of premalignant conditions—an introduction

In 1976, Dr Michael Sporn outlined “...common, fundamental properties...shared by 

[premalignant] epithelial lesions...”[1]. These include: (1) being diffuse and multifocal; (2) 

having a statistical or probabilistic nature in progression to malignancy; (3) enhanced DNA 

synthesis; and (4) mechanisms of protection, as not all premalignant lesions or conditions 

progress to malignancy. Sporn also gave us a definition of chemoprevention, one that has 

since evolved to encompass using “...natural, synthetic, or biological agents to reverse, 

suppress, or prevent either the initial phases of carcinogenesis or the progression of 

premalignant cells to invasive disease” [1,2]. The supposition that progression of a 

premalignant condition to a malignant state can be prevented or the premalignant state 

reversed with the right intervention, assumes two key elements: that we can identify who has 

these lesions and know the appropriate way in which to intervene.
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Coincidentally, the same year that Sporn described the properties of premalignant lesions, 

our understanding of the molecular origins of cancer profoundly changed. Careful study of 

the genetic etiology of an aggressive sarcoma in chickens implicated the SRC gene as the 

key genetic component that differed between the genome of a virus that transformed normal 

chicken cells into cancer cells and a similar virus that could not [3,4]. Intriguingly, the SRC 

gene was detected in normal, uninfected avian tissue, unequivocally demonstrating that the 

origins of cancer are within us and that, in most cases, it is our own cellular genome that 

accumulates sufficient alterations to eventually lead to cancer. This discovery initiated an 

intense interest in understanding the human cancer genome and was enabled by an 

exponential development in molecular technology (see Meerzaman et al, this issue).

At the time Sporn articulated his view of the characteristics or hallmarks of premalignant 

lesions, the diagnosis of cancer was largely based on pathologic characteristics. Today, 

pathological diagnoses are accompanied by a vast array of molecular detail [5,6]. Thus the 

question arises; can we leverage this molecular detail for the discrimination and “treatment” 

of premalignant conditions?

In this special issue of Seminars in Oncology, we focus on the molecular properties of cells 

early in the carcinogenic process and how this informs the design of cancer prevention 

studies and selection of chemopreventive agents. In this review, we first discuss the 

molecular basis for cancer prevention and provide a few key examples of how this 

knowledge has led to the development and implementation of cancer prevention strategies. 

Our goal is to (re-) acknowledge that although there is a continuum between premalignant 

and malignant lesions, they are two different entities [1] and with differing propensities for 

progression. We highlight a necessity to both study and recognize this distinction. Resolving 

the biological, molecular, and genetic hallmarks of cancer has entirely changed how we 

diagnose and treat cancer. Herein, we discuss the potential of leveraging this progress and 

paradigm for cancer prevention.

2. The molecular basis for cancer prevention

2.1. The hallmarks of cancer

We know that whether from an underlying genetic predisposition, endogenous processes in 

the cell, bacterial or viral infection, and/or other exogenous factors such as sun, tobacco, 

certain chemical, or radiation exposure, it is our own cellular genome that collects enough 

genetic alterations to eventually transform a normal cell to a malignant one. Work by 

Vogelstein and others have shown us that many cancers have a natural history of 

progression, evolving from dysplasia to hyperplasia to in situ carcinoma and eventually to a 

malignant invasive tumor [7] (Fig. 1). To organize the growing volume of knowledge 

regarding the aberrant biology that characterizes cancer cells and to guide future studies of 

cancer biology, Hanahan and Weinberg first proposed the “Hallmarks of Cancer” 

framework in 2000 [8] (an updated version was published in 2011 [9]). The “Hallmarks of 

Cancer” proposal unifies the molecular pathways that contribute to the fundamental 

properties of cancer cells. The 2000 version of the “Hallmarks of Cancer” included: (1) self-

sufficiency in growth signals; (2) insensitivity to anti-growth signals; (3) tissue invasion and 

metastasis; (4) limitless replication potential; (5) sustained angiogenesis; and (6) evading 
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apoptosis. In 2011, two emerging hallmarks—deregulating cellular energetics and avoiding 

immune destruction—and two enabling characteristics—genome instability and mutation 

and tumor inflammation—were added to this framework.

However, the “Hallmarks of Cancer” characterize the last step of carcinogenesis (ie, cancer) 

and highlight a tension when comparing the biology of cancer to that of premalignant 

conditions. Some “Hallmarks of Cancer” are evident early in the course of carcinogenesis 

[10] and have bearing for chemoprevention efforts, while others may not wholly or 

accurately characterize premalignant conditions. For example, the hallmarks of ‘self-

sufficiency in growth signals’ and ‘insensitivity to anti-growth signals’ are characteristics 

consistent with alterations evident in premalignant lesions, where increased DNA synthesis 

and a higher proliferation index have been documented [11,12]. Limitless replicative 

potential and evading apoptosis contribute to the sustained presence and proliferation of 

premalignant cells. Angiogenesis, one of the classical “Hallmarks of Cancer”, is also a 

characteristic of many premalignant conditions [10,13,14]. It provides a pathway for cells 

that have acquired the necessary alterations to metastasize. Of course, the ability to invade 

the basement membrane of a tissue is a clear demarcation between premalignant and 

malignant cells. Thus, it seems that many of the characteristics that we ascribe to cancer are 

also apparent in premalignant cells, in a way blurring the boundaries of distinction.

Beyond comparing the molecular or biological properties of a premalignant cell to a cancer 

cell, it is important to recognize that the microenvironment—including immune cells, 

stromal cells, other cell types and extracellular proteins—can influence the surrounding 

cells. In head and neck cancer for example, the premalignant microenvironment elicits pro-

inflammatory cytokine production, in contrast to the tumor microenvironment, which is less 

immune stimulatory [15]. Alterations in the microenvironment can be present early before 

changes in the epithelial cells or these changes may be a reaction to excess proliferation of 

premalignant or malignant cells [16]. Indeed, as argued by the Tissue Organization Field 

Theory (TOFT), the progression of normal healthy tissue to a precancerous and eventually 

malignant state is primarily a problem of tissue organization. The theory proposes that 

deterioration of the microenvironment by carcinogenic agents or deleterious environmental 

exposures destroys the normal tissue architecture, disrupts cell-to-cell signaling, 

compromises genomic integrity and facilitates genetic mutation accumulation [17,18].

As shown in Fig. 2, the “Hallmarks of Cancer” do not necessarily equate to the hallmarks of 

premalignant conditions; yet, there are overlapping and emerging fields of research that 

bridge these areas. In truth, the field is not sufficiently advanced to collate a definitive 

molecular portrait of premalignant conditions but advances in molecular technology have 

enabled a greater understanding of cancer biology and have provided us with guideposts to 

begin to understand the trajectory of conditions that progress to a malignant state. Herein, 

we borrow from this framework and attempt to reorientate it towards elucidating the 

Molecular Hallmarks of Premalignant Conditions.
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2.2. Translating a molecular understanding of cancer etiology into cancer prevention, 
including chemoprevention

Understanding the molecular origins of cancer provides opportunities for the design of 

precise chemoprevention strategies and other cancer prevention approaches (eg, nutritional, 

behavioral). For example, the viral etiology of certain cancers provided a direct path for 

demonstrating how a successful intervention can be developed once the molecular 

mechanisms are understood. Early studies of cervical cancer focused on lifestyle factors and 

describing the populations most likely to have an excess burden of disease, while later 

studies of the pathology of cervical lesions detected the presence of viral-like particles, 

subsequently identified as the human papilloma virus (HPV) [19]. The molecular studies 

that followed focused on how the virus infects cervical cells and disrupts normal cellular 

control of cell proliferation and genome stability. We now know that the protein products of 

the HPV viral genome inhibit the function of two important tumor suppressors; 

retinoblastoma protein (pRb) and p53. Although the development of vaccines to target these 

abnormalities in existing infections hold promise, this therapeutic approach does not yet 

exist.

Nevertheless, elucidating that HPV infection was the necessary, causative agent in cervical 

cancer etiology and understanding how HPV infection leads to the transformation to cervical 

cancer cells, unequivocally pointed to the potential of a prophylactic vaccine that would 

bolster the body's immune response to prevent HPV infection in the first place. Thus, in 

large part due to the seminal work of Lowy and Schiller, who discovered that a particular 

HPV protein called L1 could elicit such an immune response, several vaccines (Gardasil 

[Merck, Kenilworth, NJ], Cervarix [GlaxoSmith-Kline, Philadelphia, PA], and Gardasil-9 

[Merck]) were developed that help the immune system make neutralizing antibodies that 

protect against HPV infection [20]. Importantly, population-based evidence shows that these 

vaccines are effective in reducing the incidence of the premalignant lesions, cervical 

intraepithelial neoplasia (CIN)2 and CIN3, as well as cervical cancer [21–23].

Liver cancer is associated with hepatitis B virus (HBV) and, as with HPV, prophylactic 

vaccines to thwart HBV infection have been developed. In 1984, Taiwan introduced the first 

national vaccination program targeting children and began vaccinating against HBV 

infection. A substantial decrease in liver cancer incidence and mortality [24] has mirrored 

this intervention, in itself a distinct success for cancer prevention efforts.

Conversely, the association of the bacterium Helictobacter pylori, a known carcinogen for 

non-cardia gastric cancer [25], demonstrates that understanding the etiological cause of 

cancer does not always lead to the development of an unequivocal preventative agent. While 

eradication of H plyori infection, especially cytotoxin-associated gene A (CagA) + H pylori, 

has been associated with a decreased incidence of gastric cancer [26], the same intervention 

is correlated with a rise in esophageal adenocarcinoma [27]. As such, H pylori eradication 

has been the subject of contentious debate [28,29]. One suggested mechanism for this 

undesirable association is the increase in acid production resulting from H pylori 

eradication, which leads in turn to an increase in esophageal adenocarcinoma [30]. H pylori 

could also skew immune and cytokine responses in ways that affect the adjacent esophagus 
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[30]. From a public health perspective, the solution may lie in further study of focused 

eradication programs in areas such as South America and East Asia [28] where the 

prevalence of H pylori infection and incidence of stomach cancer are very high. This 

example highlights one of the challenges of cancer prevention strategies—the avoidance of 

unintended deleterious consequences.

Another example of how understanding disease etiology has led to successful 

chemoprevention is the elucidation of the role of estrogen in breast carcinogenesis, where 

efforts to disrupt estrogen pathways have led to Food and Drug Administration (FDA)-

approved preventative interventions [31]. Although the hypothesis that estrogen blockade 

would be an effective breast cancer preventative strategy was first proposed by Lacassagne 

in 1936 [32], more contemporary experimental evidence that blockade of estrogen signaling 

could be chemopreventive came in the 1970s. In mice that were highly susceptible to 

mammary carcinomas, removal of the ovaries at an early age significantly reduced tumor 

incidence [31,33]. Later, estrogen was implicated as the circulating factor produced by the 

ovaries linked to the reduction in mammary tumor incidence, echoing the précis of both 

Schinzinger [34] and Beatson [35], who as far back as 1896 postulated an association 

between ovarian hormones and breast cancer. Further molecular elucidation of its mode of 

action demonstrated that estrogen binds to the estrogen receptor in the cellular cytoplasm. 

This receptor then translocates to the nucleus where it binds to DNA and recruits additional 

factors to turn on transcription of genes involved in cellular proliferation. Selective estrogen 

receptor modulators (SERMs) were developed to block estrogen binding to the estrogen 

receptor. The SERM tamoxifen was shown in adjuvant trials for early-stage breast cancer to 

be important not only for the treatment of existing cancers, ie, to prevent recurrence and 

metastases, but also for prevention of new primary cancers in the contralateral breast in the 

same individuals. These data led to implementation of several tamoxifen prevention trials in 

high-risk women. In the United States, a large multicenter randomized controlled clinical 

prevention trial provided the basis for the FDA's 1998 approval of tamoxifen for risk 

reduction of breast cancer in high-risk women [31,36].

Today, this seemingly old story continues to reinvent itself, as more is learned about the 

actions and signaling of estrogens [31]. For example, we now know that there are many 

bioactive estrogen metabolites in the circulation [37,38]. While some of these metabolites 

signal through the classical estrogen receptor pathway outlined above, others can promote 

carcinogenesis through receptor-independent mechanisms, such as direct binding to DNA 

and destabilization of chemical bonds, which leads to an abasic site. Such sites can lead to 

mutations if not repaired correctly. Additional proteins, so-called co-activators and co-

repressors, can influence the action of estrogens, especially in the context of binding to the 

estrogen receptor and regulating gene transcription. Methods that target the function of 

estrogen will continue to evolve as the complexity of ligands, receptors, co-activators, and 

co-repressors and their expression, concentration, compartmentalization and action across 

tissues is unraveled.

Estrogen receptors are members of a larger nuclear, steroid-hormone receptor family. 

Recently, advances in estrogen receptor biology in breast cancer have been leveraged for 

chemoprevention strategies in other cancers where signaling from nuclear hormone 
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receptors play an important role. In prostate cancer for example, Selective Androgen 

Receptor Modulators (SARMs) have been developed [39]. In mouse models, administration 

of SARMs leads to reduced tumor growth and reductions in PSA levels [39], suggesting 

they could be effective agents for prostate cancer treatment and perhaps prostate cancer 

prevention. However, it has yet to be tested whether or not these agents can be effective 

during the natural history of prostate cancer progression and whether they can prevent the 

progression of prostatic intraepithelial (PIN) lesions to malignancy.

Successful cancer preventative strategies and interventions that involve lifestyle and 

behavior changes have also evolved from understanding the molecular etiology of cancer. 

For example, in 1950, Richard Doll and Austin Hill published the first scientific evidence 

linking smoking to lung cancer [40]. Tobacco smoke contains thousands of chemicals and at 

least 60 known carcinogens. Many of these are known to form bulky DNA adducts, which 

lead to mutations and the loss of normal growth control mechanisms [41]. These 

epidemiological and extensive laboratory studies outlining how tobacco-specific 

constituents are carcinogenic has led to public health policies that restrict tobacco sales to 

minors, limit workplace exposure to secondhand smoke, and increase communication efforts 

that convey the risk of smoking to the population. Asbestos—which is a natural occurring 

fibrous hydrated magnesium silicate mineral—has also been linked with lung cancer 

incidence [42], in large part due to the seminal work of Blot and Fraumeni [43]. Asbestos, 

when inhaled into the lungs, causes scarring and inflammation and upregulation of the 

protein HMBG1, which over time contributes to the development of mesothelioma, a cancer 

that usually occurs in the pleural lining of the lungs and chest wall [44]. These research 

studies led to a series of Environmental Protection Agency (EPA) regulatory guidelines 

aimed at reducing exposure to asbestos within the population with the goal of reducing the 

future incidence of associated cancers.

2.3. Leveraging the molecular hallmarks of early and premalignant conditions for cancer 
prevention in the screening setting

As outlined above, there are several examples of how unraveling the complex etiology of 

cancer can lead to the development of successful primary cancer prevention strategies. The 

secondary prevention of cancer, which includes interventions designed to detect and remove 

early-stage cancer or premalignant lesions, is another path where understanding the 

molecular characteristics of cancer can be leveraged to prevent further progression. Cancer 

screening has had several successes, including use of the Papanicolaou test (also known as 

the Pap test) for the early detection and prevention of cervical cancer. Introduction of this 

test and colorectal cancer screening have led to significant decreases in incidence and 

mortality associated with the respective cancers. In both cases, the screening program 

detects premalignant lesions (CIN and adenomas), the identification and removal of which 

reduces the incidence of early cancers, thus reducing mortality. There is also now optimism 

that role-out of low-dose computed tomography (LDCT) screening will contribute to a 

reduction in lung cancer mortality among high-risk smokers [45].

The goal of having highly sensitive screening methods has led to some unintended 

consequences, primarily the detection of indolent lesions. Esserman and colleagues termed 
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these lesions “indolent lesions of epithelial origin” (IDLES), which by and large pose little 

to no threat to the health of the individual [46] and which, if left alone, would not become 

clinically apparent or lead to death. Such overdiagnosis can place a significant psychological 

burden on the patient and places healthy people at risk of overtreatment. Thus, 

understanding the molecular hallmarks of premalignant conditions and early invasive lesions 

could facilitate their classification into aggressive versus indolent, which in the case of 

premalignancies could be considered “benign” conditions.

To address these limitations, many research groups are now working to marry the benefits of 

screening with that of biomarkers for more accurate and early diagnoses of cancer. By 

understanding and harnessing the characteristics of early-stage tumors, scientists are 

profiling coding and non-coding gene expression patterns [47,48], as well as assessing 

epigenetic [49], metabolomic [50], microbial [51], and inflammatory profiles [52]. Indeed, 

there is an emerging recognition that with recent advances in molecular biology, technology 

and bioinformatics, a precision medicine [53] approach should be developed. The concept of 

precision medicine or precision prevention [54] takes individual variability into account [53] 

and integrates all potential patient and “omic” data layers into a diagnostic algorithm that 

gives the most accurate (and early) diagnosis possible [55]. Successful examples of 

precision medicine for cancer treatment already exist [56]. However, the goal of a collective 

movement from traditional medicine to precision medicine has recently been placed at the 

center of the National Institute of Health's research mission [53]. Although much of the 

methodology necessary to reach this goal has yet to be developed [53], the initiative's 

success will undoubtedly lie in the synergy between technology development and many 

research fields.

2.4. Deciphering the genomic hallmarks of premalignant conditions

Whole genome and exome sequencing of cancer has demonstrated that most solid tumors 

have between 20–80 mutations [57]. In exploring these mutations, Vogelstein and 

colleagues have proposed a model for distinguishing the mutations “driving” the 

development of cancer from the mutations that are merely “passenger” or bystander 

mutations [57]. A driver mutation is defined as a “mutation that directly or indirectly confers 

a selective growth advantage to the cell in which it occurs.” Conversely, a passenger 

mutation has “no direct or indirect effect on the selective growth advantage of the cell in 

which it occur(s)” [57]. Through predetermined criteria for the frequency and type of 

mutation in a given gene, it was determined that, for cancer, there are currently around 140 

genes that can fit the criteria for driver genes. Approximately 55% of these are categorized 

as tumor suppressors, while the remaining 45% are oncogenes. Whole genome and exome 

sequencing studies have illustrated the vast amount of genetic heterogeneity that exists 

among cancer cells in the same mass and between cancers in two different patients. Indeed, 

the ability to identify actionable mutations that inform novel treatment options has been 

transformative to the approach to cancer treatment.

Studies have focused predominantly on cancers and as such, the somatic landscape of 

premalignant conditions remains largely undefined. As premalignant conditions are the 

precursors to cancer, it is not surprising to find some overlap in genomic features. However, 
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evidence suggests that there are differences in the genomic landscapes of these two distinct 

states. HER2, a key “driver” gene in breast cancer, is overexpressed in 40%–70% of ductal 

carcinoma in situ (DCIS) (a premalignant lesion of the breast) [58] and “just” 15%–30% of 

invasive breast cancers. In addition, KRAS mutations are detected in 14% of precursor 

adenoma lesions compared with 47% of colorectal cancers [59], making it highly likely that 

the actionable information we discern from these mutations in cancer will be different in 

premalignant conditions.

Is it possible that mutational profiles could help identify which lesions will progress to 

malignancy? One study found patients with DCIS that progressed to breast cancer had a 

significantly higher estrogen receptor-alpha level and Ki-67 labeling index (LI) than those 

that did not [12]. In addition, a low Ki-67 LI was associated with a 3% cumulative incidence 

of breast cancer at 10 years, compared with 14% in those with a high Ki-67 LI [11]. 

Increased mammographic density was also linked with DCIS progression to invasive 

cancers [60,61]. These data suggest that genomic and phenotypic profiles could be useful. 

However, findings across studies are not always consistent and many studies suffer from 

low power [62], something that again adds to the argument to include early and 

premalignant conditions in future large-scale population studies.

In addition to predicting whether or not premalignant conditions will progress to 

malignancy, could such conditions or lesions be targets for prevention? Again, evidence 

suggests that efforts to unravel the somatic landscape of premalignant conditions could be 

valuable. For example, short-term administration of lapatinib, which targets mutant 

epidermal growth factor receptor (EGFR), was found to decrease cell proliferation in ductal 

intraepithelial neoplasia [63] while, in mice, lapatinib prevented the development of 

estrogen receptor–positive mammary tumors [64]. Another tyrosine kinase inhibitor, 

gefitinib, might also be useful in the prevention setting. A patient-derived xenograft model 

of DCIS revealed a significant anti-proliferative effect of gefitinib [65] and may provide a 

rationale to eventually test this compound in a prevention trial. Emerging chemopreventative 

options also include administration of PARP inhibitors, which delay tumor formation in 

BRCA-deficient mice [66].

A concept related to that of “driver” and “passenger” mutations is that of oncogene 

addiction [67]. This concept posits that—for some cancers—activating oncogenic mutations 

occur during the course of the disease that confer a survival advantage to cancer cells. Cells 

then become dependent for survival on the signaling that results from the activating 

mutation. Identifying and targeting these mutations should, therefore, lead to death in cancer 

cells. A striking example of this is the BCR-ABL translocation in chronic myelogenous 

leukemia (CML). The BCR-ABL gene is formed via a fusion between chromosome 9 and 

chromosome 22. The resulting gene product is a fusion protein combining the breakpoint 

cluster region (BCR) with a constitutively active Abl kinase. It is an early event in the 

course of CML and the newly combined chromosome 9:22 (also known as the Philadelphia 

chromosome) is present in all transformed cells in CML [68]. There are now several drugs 

targeting the Bcr-Abl protein and its kinase activity. When individuals with CML develop 

resistance to these drugs, it is due to secondary mutations in BCR-ABL, not compensation by 
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another pathway, suggesting that CML is addicted to the specific BCR-ABL oncogene and 

not evolving to become reliant on altered signaling from other molecules [69].

In CML, the BCR-ABL mutation is the initiating genetic change in the course of the disease, 

providing an early marker and target for intervention. This example brings up several 

questions spanning the areas of cancer treatment and cancer prevention. Would it be 

possible to identify the “driver” and “passenger” mutations in premalignant conditions? Are 

these concepts and that of oncogene addiction even valid in a premalignant context? Could 

this information be used to develop successful chemopreventive interventions?

Further detailed characterization is needed to understand the somatic landscape of 

premalignant conditions. It will not be sufficient to study isolated mutations in genes such as 

EGFR, KRAS and HER-2. As mentioned above, HER-2 is overexpressed in 40%–70% of 

DCIS lesions and is amplified in approximately 30% of breast cancers [70]. What this 

suggests is that the cellular context, timing, and order of genetic mutations are key 

components classifying a lesion as benign, premalignant or cancerous. Studies need to be 

conducted in a prospective manner so that we can learn which molecular features predict 

those that will progress to cancer, and moreover, which mutations might be targets for 

chemoprevention. We acknowledge, however, that these goals will not be easy to attain. 

Tissue biopsies will be needed to conduct these studies, and while powerful, whole genome 

sequencing technologies will need greater sample input than what is often available. There is 

the possibility of pushing the boundaries of technology even further to detect circulating 

tumor cells sloughed off from developing lesions, and to merge that with next generation 

sequencing to detect specific mutations that can portend a developing malignant tumor. 

Benign tumors from various lineages display a range of mutated genes, many of which may 

be considered as driver genes in a cancer context [71]; thus the timing of mutations and the 

collective repertoire of somatic changes may be the key to knowing whether a lesion is 

benign or whether it has a high probability of progression to malignancy. Will we be able to 

define a mutational spectrum that is associated with risk of colorectal cancer in patients with 

inflammatory bowel disease? And if so, can we detect such mutations in biopsies or stool 

samples and use them to predict which patients are at high risk of developing cancer? Can 

we study prostatic intraepithelial neoplasia and identify mutations that confidently predict 

disease progression? We think it is possible, but acknowledge that it will be difficult to fund 

cohorts large enough and with the necessary follow-up to accrue sufficient cancers for an 

analysis that is robust enough to answer these kinds of questions.

In examination of the molecular basis for cancer prevention, three key themes emerge. 

Firstly, understanding the etiology of cancer and resolving the molecular mechanisms that 

transform healthy cells into cancer cells has led to behavioral, policy, and medical 

interventions that have reduced the incidence of cancer. Additional efforts in this regard will 

undoubtedly yield additional successes for primary cancer prevention. Secondly, while not 

certain to be as effective, it is highly possible that leveraging the molecular biology of 

transformed cells can be used for secondary cancer prevention and the detection of 

premalignant lesions before they become invasive. Thirdly, sketching out the genomic 

landscape of premalignant conditions may well convey which lesions will develop to 
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invasive cancers. Moreover, analagous to how these mutations are used to guide treatment 

for cancer, perhaps they can be used to “treat” premalignant conditions.

3. Emerging topics in the molecular hallmarks of cancer prevention

3.1. Linking specific exposures to tumor subtypes

Exposure–phenotype relationships are very heterogeneous. For years, we have failed to 

understand why only some smokers develop cancer, or why aspirin does not prevent cancer 

in all users. Such heterogeneity has been frustrating to understand. The advent of next 

generation sequencing and array technology means that we are now able to link specific 

exposures to molecular tumor subtypes, which are based on distinct expression and genomic 

signatures. These new technologies have given us a finer lens with which to resolve the 

relationship between specific exposures and tumor subtypes. For example, we have resolved 

that obesity is associated with triple-negative breast cancer [72], HPV is associated with a 

specific mutation pattern in head and neck cancer [73], benzene exposure leads to a distinct 

gene expression signature in acute myelogenous leukemia (AML) [74] and aflatoxin 

exposure is associated with R249S TP53 mutations in human hepatocellular carcinomas 

[75].

The field has also been called molecular pathological epidemiology (MPE), and is 

conceptually defined as the epidemiology of molecular pathology, pathogenesis and 

heterogeneity of disease [76]. The principle of MPE is to unravel the relationship between 

genetic and lifestyle exposures and the molecular processes of carcinogenesis. For example, 

regular use of aspirin after a diagnosis of colon cancer is associated with a better clinical 

outcome for some individuals. However, further study demonstrated that this advantage was 

restricted to those carrying PIK3CA mutations, suggesting that the PIK3CA mutation may 

serve as a predictive molecular biomarker for adjuvant aspirin therapy [77,78].

This approach to cancer research and cancer prevention lends an unparalleled opportunity to 

link specific exposures with tumor subtypes and disentangle some of the heterogeneity we 

find in exposure–cancer relationships. To fully do so, it will be necessary to catalog the 

entire human exposome, as defined by Wild in 2005 [79]. Such a map would only be 

possible with advances in methodological tools for environmental exposure assessment and 

would parallel the tools used for evaluation of the genome, which was investigated with The 

Cancer Genome Atlas (TCGA) and Genome Wide Association Studies (GWAS) [79,80]. 

Combined, these two instruments would constitute a powerful approach to precisely 

evaluate the consequences of environmental exposures for cancer and cancer prevention.

3.2. Cancer stem cells

In addition to the recent explosion in our understanding of the genetic complexity of cancer 

and a slow, but evolving understanding of how this relates to premalignant conditions, there 

is an increased understanding of the biology of cancer, and how this could also provide 

targets for cancer chemoprevention. One example of this involves recent revelations that 

much of cancer biology mirrors that of normal stem cell biology. The cancer stem cell 

(CSC) theory proposes that cancer is initiated and maintained by a sub-population of stem-

like cells within a given tumor [81–83]. Mouse models support the hypothesis that CSCs 
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arise from the malignant transformation of normal adult stem cells [84–86]. Indeed, studies 

of human lymphoid tumors also support this possibility [87,88].

Experimental evidence for CSCs first came from studies of human acute myeloid leukemia 

in the mid-1990s [89,90]. where normal haematopoietic stem cells were determined to be the 

cell of origin for AML. However, the theory itself was first proposed over a century ago by 

pathologists who, when reviewing slides from patients with cancer, noted that cancer cells 

had the appearance of embryonic cells. They even theorized that cancer was the result of a 

“reactivation” of remnant embryonic stem cells in the adult. The literature has not coalesced 

around a single theory for the derivation of “cancer stem cells”, and evidence variously 

suggests that they may arise from normal adult stem cells (an undifferentiated cell that is 

almost endlessly capable of giving rise to identical daughter [stem] cells and other cells that 

can differentiate into more specialized cell types), progenitor cells (intermediary cells 

derived from stem cells that have the ability to produce differentiated cells but cannot 

replicate indefinitely) and even adult differentiated cells. Indeed, this sub-population of cells 

does not have a unifying term to define them, with some resolving to call them cancer cells 

with stem-like properties.

The CSC hypothesis states that these particular cells are endowed with intrinsic chemo-

resistant, tumor initiating, immune evading and metastasis-driving characteristics [82,83]; 

thus, targeting them for cancer treatment, is both attractive and quite likely to be successful. 

However, the field of cancer stem cells may also have relevance to cancer prevention.

Firstly, several models support the hypothesis that cancer stem cells derive from 

dysregulated normal stem cells [84–86,90,91]. Thus, given that cancer stem cells could be 

the cells of origin for several malignancies, strategies that prevent the conversion of a 

normal stem cell to a cancerous one could be a novel cancer prevention mechanism. In this 

regard, it is interesting to note that three of the main pathways that control the self-renewal 

of normal and cancer stem cells, ie, Notch, Sonic Hedgehog and Wnt/β-catenin, have been 

linked with chemopreventative agents. For example, the Wnt/β-catenin pathway is inhibited 

by curcum—a polyphenol found in the Indian spice turmeric [92–97]. Epigallocatechin-3-

gallate (EGCG), the most abundant polyphenolic catechin in green tea, also inhibits the Wnt 

self-renewal pathway [98–101]. The link between high consumption of cruciferous 

vegetables (eg, broccoli and broccoli sprouts) and cancer prevention is supported by many 

epidemiological studies. Evidence suggests that sulforaphane, which is produced from a 

major glucosinolate in broccoli/broccoli sprouts [102,103] (see Yang et al in this issue), 

could exert its anti-cancer properties [104,105] by targeting the Wnt pathway [97,106–108]. 

Evidence also suggests that resveratrol, a polyphenol derived from a wide variety of plants 

such as grapes, berries, plums, and peanuts [109] and vitamin D3, may also target this 

pathway [97,101,110]. While the data presented above are promising and suggest that 

dietary constituents could have anti-tumor properties related to the targeting of cancer stem 

cells, most, if not all of the current studies use model systems that start with cancer. Thus, 

studying the ability of dietary compounds to prevent cancer via the suppression of cancer 

stem cell derivation will require a finer lens and an alternative experimental approach. For 

example, several well characterized mouse models with normal stem cells as the cells of 

origin for cancer have been developed (eg, LGR5+ cells in the intestinal crypt are the cells of 
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origin for colon adenomas and carcinomas) [86,111,112]. These models can be used to 

interrogate whether dietary compounds can prevent the transformation of a normal stem cell 

into a malignant one.

Indeed, evidence is now emerging that chemopreventative agents are involved in cancer 

prevention via suppression of cancer stem cell evolution. Nonsteroidal anti-inflammatory 

drugs (NSAIDs) are well-known chemopreventive drugs in colorectal cancer (CRC) (see 

Umar et al in this issue), and recent studies have shown that NSAIDs may reduce the 

recurrence and mortality of CRC [78,113–116]. Work now suggests that this cancer 

prevention effect is mediated, at least in part, via control of dysregulated normal stem cells 

[117]. Leibowitz and colleagues have shown that NSAIDs prevent CRC by inducing the cell 

death of normal intestinal stem cells that have acquired mutations and lost functional APC 

[118]. These results suggest that effective chemoprevention of colon cancer by NSAIDs lies 

in the elimination of stem cells that are inappropriately activated by oncogenic events 

through induction of apoptosis [118].

Cancer stem-like cells have been detected in premalignant conditions [119]. Evidence 

supports the notion that the conversion of a normal stem cell to a cancer stem cell is an early 

event in carcinogenesis. It is important to note that not all cancers follow the cancer stem 

cell model [120]. However, as mentioned earlier, further understanding of the molecular 

basis for how chemopreventative agents might prevent the conversion of normal stem cells 

to cancer stem cells is critical and warrants further study.

3.3. The RNA world

Less than 2% of our genome accounts for our ~21,000 protein-coding genes. However, it is 

estimated that the human genome also encodes 9,000 small RNAs and 10–32,000 long non-

coding RNAs and contains 11,000 pseudogenes [121]. The most studied class of small non-

coding RNAs are the microRNAs, single-stranded mRNA sequences that are 19–25 

nucleotides in length [122]. This RNA species functions mainly to repress protein 

translation. The first evidence showing a relationship between miRNAs and cancer came 

when Croce and Calin identified miR-15 and miR-16-1 as tumor suppressors in CML [123]. 

Since then, miRNAs have been associated with cancer etiology, progression and prognosis 

in multiple cancer types [47,124–134].

De-regulation of miRNA expression has been observed in premalignant conditions. For 

example, miR-21 is detected in DCIS [135] and adenomas [136], making it possible that 

such signatures could be used to detect cancer early and in premalignant stages. Indeed, a 

miRNA classifier has been identified that discriminates between benign and malignant lung 

lesions detected by low dose CT screening [137]. Moreover, as clinical trials are now 

underway targeting miRNAs, such as miR-21 [138], it is possible that such molecules could 

be targets of treatment in premalignant conditions that overexpress these “oncomiRs”.

As with the genome, the RNA world of early and premalignant conditions is largely 

unexplored; therefore, how the RNA landscape of these lesions compares with invasive 

cancers is not fully known. As mentioned above, the RNAome includes much more than 

miRNAs and RNA sequencing has led to a rapid rise in the discovery of new RNA species. 
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Its potential translation to the detection of early cancers and premalignant conditions, 

however, lags behind.

There are many parallels between the genome and RNAome, yet it is worth remembering 

one key distinction. The genome has a relatively stable architecture. Profiles of RNAs—and 

indeed of microbes, epigenetics, metabolites and proteins—are variable with time [139]. 

This does not nullify their exploration or their potential value—temporal complexity is 

likely to increase the amount of information encoded in these profiles—but it does warrant 

additional caution when designing and interpreting studies of such entities.

3.4. Transgenerational inheritance and epigenetic modification

In this time of exponential growth in sequencing technologies, the field of epigenetics has 

also expanded and evolved. Recent reports that the establishment of epigenetic states can be 

altered by the environment, combined with the idea that epigenetic states can be inherited 

across generations, has generated interest in the hypothesis that epigenetic traits influenced 

by the environment and/or lifestyle may persist and subsequently be inherited across 

generations.

Unlike DNA, which from a heritability perspective is relatively stable, epigenetic marks are 

“erased” across the genome, initially following fertilization of the egg and secondly during 

the formation of germ cells. This is to remove imprints and epimutations and to ensure 

totipotency in early embryonic development. Thus, for transgenerational inheritance to 

occur at a specific locus, this reprogramming must somehow be bypassed.

Some of the clearest evidence for transgenerational epigenetic inheritance comes from 

studies in plants and mice [140–143]. In the dandelion, exogenous stress induces changes in 

DNA methylation that are transmitted to the next generation [141–143]. In the mouse, the 

Avy locus, a gene region that controls coat color, can be epigenetically modified by 

environmental exposures such as diet [142]. These epigenetic modifications can be 

transgenerationally inherited and influence phenotypes in the offspring [140,142], 

suggesting that there is a failure to erase the epigenetic marks that are established at the Avy 

locus in the germline.

The epigenetic marks that facilitate transgenerational epigenetic inheritance are poorly 

understood [144]. The simplest explanation has always been that DNA methylation at 

specific loci escapes the reprogramming events. But how? One possible mechanism might 

involve retrotransposons, as these DNA repeat elements seem to be resistant to the erasure 

of DNA methylation patterns during reprogramming [143–147]. In fact, the Avy locus is 

actually a retrotransposon inserted upstream of the transcription start site of the Agouti gene. 

Additionally, recent work in Caenorhabditis elegans suggests that epigenetic marks, such as 

histone H3 lysine 4 trimethylation could mediate transgenerational inheritance [148–150].

The recent discovery that germline cells contain large numbers of small RNA species 

suggests another novel way of transmitting epigenetic information through the germ line 

[143,144,151,152]. Research has shown that the maternal transmission of piwi-interacting 

RNAs (piRNAs) in Drosophila influences fertility of offspring via piRNA-directed silencing 
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of transposable elements [143,153]. Recent work also demonstrated that early 

developmental trauma in mice leads to behavioral and metabolic changes that are inherited 

in offspring for several generations [143,154]. These phenotypes were conveyed to the 

offspring by miRNAs and piwiRNAs in the sperm [154]. The relevance of this observation 

to cancer is apparent when one considers that cigarette smoking induces differential miRNA 

expression in human spermatozoa [155], perhaps suggesting one mechanism by which 

tobacco exposure can influence not just the cancer risk of the exposed individual, but also 

that of the offspring.

One of the earliest examples of transgenerational inheritance of traits in humans was in 2001 

when a Swedish study found that the nutritional and smoking habits of paternal grandparents 

could influence their descendants’ lifespan [156]. In addition, prenatal exposure—especially 

around the time of conception—to famine during the Dutch Hunger Winter (1944-1945) led 

to hypomethylation at the IGF2 gene among offspring conceived at that time [157]. A key 

future area to explore will be to determine what the phenotypic effects of such exposures 

and epigenetic changes are. Recent experimental evidence shed light on a potential 

mechanism for this observation and may also involve transmission of small RNAs. 

Starvation was found to induce expression of specific RNAs that were then inherited across 

multiple generations, targeting genes involved in nutrition [158].

So, can the food we eat, the air we breathe and our emotional experiences impact the health 

and happiness of our descendants? [144] While studies undoubtedly show evidence for an 

intergenerational effect of the environment on epigenetics and phenotypes, there is an 

important caveat to consider when conceptualizing the implications of transgenerational 

inheritance and generating experimental evidence for it: When an embryo is exposed to 

environmental stresses during pregnancy, not only the mother, but the F1 generation 

(embryo) and its developing germ line, which will give rise to the F2 generation are also 

exposed to these triggers [143,144]. Thus, to truly assess transgenerational epigenetic 

inheritance, one needs to look at further generations—something that is difficult for 

epidemiological and laboratory studies, but which is now being emphasized 

[143,144,155,159].

Understanding how the environment and our lifestyles impact epigenetic inheritance, and 

the extent to which it exists, could have significant implications for how we think about the 

molecular basis for cancer prevention. The oft-believed perception that the deleterious 

consequences of behavior and exposures are erased during the formation of the next 

generation may not be as steadfast as we originally thought, and as Luther Burbank put it in 

1906, “heredity is only the sum of all past environments” [143,144,155,159]. In addition to 

genetic inheritance of phenotypes, it is possible that a system of epigenetic inheritance is 

superimposed [144,160], one that is both plastic and responsive to the external environment 

[144]. If this is the case, and the effects of chronic stress, carcinogens, or poor nutrition are 

epigenetically remembered and passed on through generations, the implications for cancer 

prevention, and how to conceptualize it, could be compelling.
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4. Defining at-risk populations

As John Potter wrote, chemoprevention is predicated on the assumption that we can identify 

those at risk [161]. And, it is often acknowledged in prevention research that “... it is difficult 

to make healthy people healthier” [162]. It is likely there will be risks with any 

chemoprevention intervention and that individuals with an average likelihood of developing 

disease (ie, the general population) would not want to incur harm from an agent designed to 

prevent a disease the person does not yet have.

However, it may be possible to make healthy people healthier. The administration of 

cholesterol-lowering drugs, those that inhibit platelet aggregation and lower blood pressure, 

has led to a dramatic decline in deaths due to heart disease. In the mid-1970s the incidence 

of coronary heart disease (CHD) was twice that of cancer, but in 1999, the incidence rate fell 

below that of cancer for the first time, an unquestionable success for public health 

interventions. But within this success story, cautionary narratives emerge [163]. These drugs 

have many side effects that can limit use and uptake in the wider population. In addition, 

one of the main determinants of successful uptake of these drugs was the identification of 

reliable and measurable risk factors, such as cholesterolemia and hypertension. This has 

been a goal for many cancer biomarker researchers, but few robust biomarkers of risk have 

been identified and clinically translated. Chemoprevention strategies will therefore need to 

focus on individuals who have a greater likelihood of developing the disease and for whom 

the risk:benefit ratio from an intervention may be more favorable than that for the general 

population [163].

Thus conceptually, cancer prevention and the targeting of high-risk populations can be 

clustered in four main ways (Fig. 3). The first is identification of exposures, such as viruses, 

tobacco smoking, pollution, etc, that can increase cancer risk. Though validation of actual 

causality in exposure-disease relationships can be difficult, their identification is a powerful 

tool in prevention endeavors. Successful examples include smoking cessation, reduction in 

radiation exposure from the sun, and HBV/HPV eradication/prevention programs [22,24], to 

name a few. Some 16% of the 12.7 million new cases of cancer worldwide are attributable 

to infectious agents [164]. Thus, prophylactic measures against infections such as 

vaccination or antimicrobial treatments could have a substantial impact on reducing the 

cancer burden in areas endemic for these infections. In cases where avoidance of the primary 

exposure is not possible, another strategy is the use of agents that modify the carcinogenicity 

of an exposure. For example, aflatoxin B1 is a metabolite that is produced from the mold 

Aspergillus flavus commonly found in poorly stored foods and strongly associated with liver 

cancer. Studies are now being conducted to test dietary constituents [165], or chemical 

compounds [166] for their ability to neutralize the such toxins.

As mentioned, to fully leverage our ability to prevent cancer based on understanding 

exogenous environmental exposures, it will be necessary to catalog the entire human 

exposome [79]. Such a map would be challenging, but could be used in combination with 

genome-wide association studies, in so-called gene–environment-wide studies [167], to 

assess cancer risk due to environmental exposures. This would provide a finer lens and be 

akin to the MPE approach discussed earlier.
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The second category of high-risk populations includes individuals who do not currently have 

cancer but have an underlying genetic susceptibility. Familial cases of cancer comprise, on 

average, 5%–10% of the total cancer burden in the population. Among the best-known 

genetic susceptibility mutations are those arising in the BRCA1 and BRCA2 genes. BRCA1 

was first discovered in the early 1990s [168]. Presently, the United States Preventative 

Services Task Force has recommended genetic testing for those with a family history of 

breast, ovarian, fallopian tube, or peritoneal cancer [169]. However, it has been estimated 

that 50% of BRCA1/2 mutation carriers could be missed using these criteria [170,171]. 

Among those with no family history, the lifetime risk of developing cancer by age 80 years 

is 83% in BRCA1 carriers and 76% in BRCA2 carriers [171,172], in itself a potential 

argument for more widespread genetic testing for BRCA1 and BRCA2. For mutations that 

confer a high likelihood of breast or ovarian cancer development, there are prevention 

strategies an individual can take. These include prophylactic mastectomy and 

oophorectomy.

Similar to BRCA mutation carriers, individuals that carry germline mutations in TP53 carry 

a high lifetime risk of cancer development, including osteosarcoma, leukemia and soft tissue 

sarcoma. For these so-called Li-Fraumeni families (named after Fred Li and Joseph 

Fraumeni who discovered the disease) [172], a high level of monitoring aims to detect these 

cancers as early as possible. While there are many different forms of familial cancer where 

the underlying genetic predisposition is known, there are still others where the inherited 

molecular alteration is yet to be discovered.

TP53 and BRCA1/2 mutations are examples characterized by single high-penetrance genetic 

mutations, making cancer prevention interventions and recommendations possible. But most 

cancers are polygenic and, as such, they are much harder to predict. Many susceptibility 

mutations have been identified from GWAS studies, and unlike BRCA1 and BRCA2, most of 

the mutations identified are estimated to have small effect sizes on disease risk. In some 

ways, this limits the applicability and usefulness of these findings as it is difficult to suggest 

dramatic lifestyle/behavior changes to an individual based on a highly significant—yet 

small, increased absolute risk of cancer [173]. However, most GWAS findings are less than 

5 years old and there are examples of GWAS loci that are in the process of clinical 

translation for several phenotypes, indcluding drug toxicity [174]. Therefore, although not 

without promise, it is not yet clear what degree of clinical utilty these highly significant 

susceptibility mutations will have for complex disease in low-risk populations.

Screening for a genetic pre-disposition to cancer in the genomics era brings additional 

challenges. While cancer screening with mammography or colonoscopy can lead to the early 

detection of a malignant or premalignant condition and genomic analysis of a cancer can 

lead to actionable mutations that guide treatment options, genetic testing of the population or 

high-risk individuals leads to the discovery of a predisposition to cancer [175]. In 2005, a 

non-federal working group was established to perform a systematic evaluation of genetic 

and genomic tests with a view towards establishing guidelines for their use. Their criteria 

extended beyond traditional outcomes, such as morbidity and mortality reduction, to 

consider societal implications as well [175]. Such broader benefits were included because 

mutation testing derives information that goes beyond the individual due to potential 
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heritable implications for relatives and descendants. In addition, bearing such information 

can impact lifestyle and family planning decisions, among others. The “democratization of 

DNA” as described by Topol, proposes more effective ways to engage patients in their own 

healthcare management and provide treatments that will reduce the costs of healthcare, but it 

requires a balance between extensive sharing of molecular data and clear dissemination of 

the net benefits and harms such data can have for the patient's health [175,176]. While in the 

past, screening test evaluations considered clinical utility, many have recently advocated a 

shift towards appreciating “personal utility” [175]. The recent expansion of whole genome 

and exome sequencing, combined with increases in the marketing of such technologies to 

the public, is accentuating these challenges associated with genetic testing. Traditional 

BRCA1/2 testing has a narrow focus on a small region of the genome; however, current 

genetic sequencing services are affordable for many and are able to profile the entirety of the 

genome. This genomics revolution has also led to the identification of new susceptibility 

genes. PALB2 (partner and localizer of BRCA2) mutations, for example, are associated with 

a 35% cumulative risk of breast cancer by age 70 years [177]. However, in the case of 

BRCA1/2—while additional mutations have been discovered—some of them are 

exceedingly rare and the associations with risk of breast cancer are currently unknown. If 

applied to premalignant conditions in a systematic way, whole genome sequencing to detect 

somatic (as well as germline) mutations could lead to the identification of both known and 

unknown actionable mutations and, at present, there are scant guidelines for patients and 

doctors regarding how to deal with such information.

To consider the readiness of genomic applications for practice, a useful public health 

framework was proposed by Khoury and colleagues [178]. The framework considers a 

genomic test's utility through several useful lenses, including analytic validity, clinical 

validity, clinical utility, balance of benefits and harms, and the existence of an evidence-

based recommendation. Indeed, a recent study suggested that genetic testing in high-risk 

populations does not adversely affect short-term psychological or quality-of-life outcomes 

[170]. However, screening for susceptibility to cancer by looking at mutations in TP53 and 

BRCA1/2 has been successful due to the high penetrance of these genes in terms of lifetime 

risk of cancer, and the net benefits of screening might be more difficult to translate to 

findings from GWAS or whole genome sequencing studies [178].

The third group of high-risk individuals includes those that have been diagnosed with a 

precursor condition, such as DCIS or adenomatous polyps. These individuals are a key 

group for whom interventions and monitoring are achievable. However, as discussed earlier, 

in the absence of a complete understanding of the natural history of the condition and 

knowledge of which premalignant lesions will progress to malignancy, it will be difficult to 

know for whom interventions are necessary and thus it will be important to conservatively 

manage such cases [60,179]. Furthermore, these individuals remain in a high-risk category, 

even following removal or regression of the premalignant condition. Screening tools such as 

mammography or LDCT can detect suspicious lesions that, while not indicative of cancer, 

could portend a developing cancer. Thus, these patients should also be grouped within a 

high-risk category and considered for cancer prevention and/or chemoprevention 

interventions.
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The fourth category of high-risk populations includes those who have had a prior diagnosis 

of cancer. They constitute a key population for cancer and chemoprevention efforts and 

many are at high risk of developing a second cancer. Molecular information may be 

available from the initial cancer diagnosis that is informative when considering 

chemoprevention strategies. In the case of breast cancer, many chemoprevention agents 

beyond SERMs are being considered for women who have had a prior diagnosis of this 

disease. These strategies include other estrogen pathway targeting agents such as use of the 

drug metformin, which is currently approved for treatment of type 2 diabetes and has been 

shown to repress breast cancer cell proliferation [180], and cancer vaccines targeting known 

molecular alterations in specific breast cancer subtypes [181].

Treatment and therapy exposures among cancer patients are additional factors that should be 

considered in the context of patients with previous diagnoses of cancer. Studies have shown 

that risk of second cancers is higher among patients exposed to radiation and chemotherapy 

[182–184]. While data regarding the absolute risks of second cancers related to cancer 

treatment are still being unraveled [185,186], this remains an important factor to consider in 

defining and managing cancer prevention options in this group of patients.

5. Conclusions

The concept of cancer prevention is not new. As far back as 1727, Le Clerc recognized the 

potential to prevent colorectal cancer by removing polyps in the colon. Primary prevention 

strategies, such as vaccines, sanitation, and safer food and water, have extended life 

expectancy from 50 to 75 years over the space of a century, in itself proof that preventing 

disease can lead to gains in health outcomes. So why is it so difficult to prevent cancer? In a 

recent discussion by Fineberg, the “Paradox of Prevention” was considered [162]. He posed 

the question: If prevention is such a good idea, then why are we not getting more of it? 

Perhaps most endemic among these obstacles is the recognition that success in cancer 

prevention is, by and large, invisible, and the benefits of such preventative measures will not 

be seen for decades [162].

But there are other hurdles. As outlined in this review, the molecular hallmarks of 

premalignant conditions are largely undefined. Many of the successes in cancer research and 

treatment have come from advances in technology that unraveled the molecular complexity 

of cancer. In borrowing from the guideposts of advances in cancer research, we have 

conceptualized these hallmarks of premalignant conditions as falling within three main 

categories (Fig. 3). In doing so, we acknowledge that there is overlap in description and in 

purpose of each and that these are not mutually exclusive concepts. The first category 

includes epidemiology studies focused on cancer etiology, an understanding of which 

provides the basis for subsequent investigation of the molecular underpinnings for a 

particular cancer and a rich source of ideas for primary prevention strategies. The second 

category includes molecular (coding and non-coding genes, methylation, metabolism) 

characterization of premalignant conditions and early cancers to identify biomarkers for 

discrimination between indolent and high-risk lesions and for early detection in the primary 

and secondary prevention settings. The third category includes understanding the genetic 

alterations and mutations in premalignant lesions to identify those that have a high 
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probability of progression to invasive cancer, and also to identify targets for novel 

chemoprevention agents.

To generate this atlas and to conduct studies on premalignant conditions, collaboration will 

be key, as assembly of sufficient, well-annotated biospecimens to provide meaningful data 

will be challenging. Can we envisage a premalignant condition atlas, cataloguing molecular, 

biological and genomic data, similar to the one that has been created for cancer? It would 

undoubtedly be a challenging endeavor. Such an atlas, however, could answer many 

additional questions: Are premalignant lesions multi-focal or heterogeneous? If we find a 

druggable target, how will we know which lesions will develop to cancer and thus merit 

therapeutic intervention? Building prospective cohorts that have multiple points at which 

exposures and biospecimens are collected will enable us to map out how disease progresses, 

understand the role that premalignant conditions play and how we may exploit them for 

preventative efforts. The Precision Medicine initiative may well represent one such resource 

which can be leveraged to gain insight into the natural history of cancer [53,55].

At the present time, cancer and chemopreventive efforts continue to evolve in a 

retrospective manner, working backward from what is known about invasive cancer. The 

ultimate goal is to have the molecular information, imaging capability, and model systems to 

reorient the field of cancer chemoprevention to begin with premalignant conditions and be 

able to predict future events in the carcinogenic pathway in order to intercede appropriately. 

Although there has been some frustration with the pace of cancer and chemoprevention 

research and the number of success stories, the complexity of this field is often vastly under-

appreciated.

In a recent review, entitled, “Coming full circle—from endless complexity to simplicity and 

back again,” Weinberg outlined the trajectory of cancer research over the past 40 years 

[187]. The main theme of this article was the arc of cancer research: beginning with 

pathology, research revealed the complexity of various cancers at a cellular level. This was 

followed by reductionist approaches to molecular biology that elucidated the genes 

responsible for malignant transformation. The molecular alterations were categorized into 

simplified pathways to help organize the growing body of information. But new 

technologies have revealed an enormously complex network of genetic mutations, RNA and 

protein biology and with it, a challenge to understand the interplay between this biology and 

that of the cellular microenvironment—all of which exhibit considerable interindividual 

variation.

It seems cancer prevention is experiencing its own cycle of complexity to simplicity and 

back again and, in some ways, this complexity exceeds that of the treatment setting. As 

noted earlier, cancer treatment largely focuses on the end of the cancer progression spectrum 

while cancer prevention focuses on the earlier steps. This multistep pathway provides many 

opportunities for intervention long before an invasive cancer is detectable, but there is great 

difficulty in identifying these earlier lesions and in studying the key molecular alterations 

important for each step in the carcinogenesis process. Similar to what is seen in cancer, these 

early lesions are expected to be heterogeneous in cellular content and molecular alterations, 

both when comparing cells within a lesion in the same person and when comparing lesions 
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of the same type across different people. The shifting cellular and molecular content as 

lesions progress to cancer make it likely that different interventions would be needed at 

different phases during the progression to cancer. The concept of precision medicine and 

precision prevention highlights this need to identify the right agent in the right dose for an 

individual depending on how far (ie, right time) their lesion has progressed. This continues 

to be the challenge and motivation for determining the underlying molecular alterations 

throughout the carcinogenesis process and also what may hinder the field of 

chemoprevention from having more notable success stories. Identifying the early lesions that 

are destined to progress to cancer, as opposed to the vast majority of non-progressing lesions 

poses challenges. The difficulties in identifying these lesions must be overcome, as 

molecular information cannot be obtained from a sample that cannot be collected.

In 1976, Sporn wrote that our understanding of premalignant lesions is “still in a very 

primitive state and that an immense amount of basic research remains to be done in this 

area” [1]. One could argue that this is still true today. And although the methodologies are 

difficult, and investment will need to be great, we would argue that there has never been 

such an opportunity to generate new molecular knowledge and to translate it into a 

foundation for cancer prevention.
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Fig. 1. 
Multi-step carcinogenesis [188].
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Fig. 2. 
A paradigm for understanding and harnessing the molecular hallmarks of premalignant 

lesions—connection of 1976 hallmarks of preneoplastic lesions with 2011 hallmarks of 

cancer.
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Fig. 3. 
Defining high-risk groups within the context of the molecular basis for cancer prevention.
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