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Abstract

In this review, we address selected areas that are central to the state-of-the-art of cancer prevention 

science. The emphasis on prevention as a viable and critical approach to decreasing cancer 

mortality has gained traction in recent years, evidenced by its inclusion in the US Vice President's 

Cancer Initiative (also termed ‘Moonshot’). Cancer prevention occurs by arresting, slowing down, 

or reversing the carcinogenic process before invasion into surrounding tissue or by avoiding or 

blocking causative exposure. An important challenge is to identify individuals who will benefit 

most from preventive interventions with the least possible harm. Preventive interventions range 

from avoiding known carcinogens (e.g., tobacco or asbestos) to intervening with anticarcinogenic 

strategies (behavioral modifications , such as diet and exercise; medications; nutritional agents; 

and vaccination against causative agents). Here, we focus on active intervention with measures 

involving pharmaceutical and immunological agents.

Cancer Prevention: Its History and Progress in the Modern Molecular Era

The importance of the prevention of cancer as a viable option to cancer management is 

evidenced by the inclusion of prevention in the US Vice President's Cancer Initiative [1] 

(also termed ‘Moonshot’). Prevention of cancer is accomplished by arresting, slowing down, 

or reversing the carcinogenic process before invasion into surrounding tissue or by avoiding 

or blocking causative exposure [2–4].

In 1966, Lee Wattenberg coined the term ‘chemoprophylaxis’ to denote the experimental 

chemical inhibition of chemically induced carcinogenesis in animals [5]. The word 

‘chemoprevention’ (see Glossary) was introduced in 1976 by Sporn et al. [3] to describe ‘a 

new pharmacologic approach to the prevention of cancer. . .’, administered during a pre-

invasive stage. Although chemoprevention sometimes includes natural and/or nutritional 

agents (occasionally referred to as ‘bioactive food components’ or ‘nutriceuticals’), such as 

selenium and vitamin E for prostate cancer prevention, here we focus on synthetic 

pharmaceuticals. In current usage ‘chemoprevention’ encompasses ‘molecular prevention’ 

(Figure 1, Key Figure) [6], emphasizing targeting high-risk individuals via ‘precision 

medicine’ [7]. A ‘Pre-Cancer Genome Atlas’ (PCGA) [8], analogous to The Cancer 

Genome Atlas (TCGA) project for established invasive cancers, involves determining 

genomic profiles of premalignant high-risk lesions, enabling stratification for prognosis and 
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targeting [7]. The Erlotinib Prevention of Oral Cancer (EPOC) randomized, placebo-

controlled trial (RCT), for example, includes genomic analyses of oral premalignant lesions 

for loss-of-heterozygosity (LOH) to classify patients into high-risk (LOH-positive) or low-

risk (LOH-negative) cohorts [9]. Molecular classification of high-risk chemoprevention 

candidates should enable the refining of risk models based on traditional epidemiological 

and clinical attributes, such as those used to formulate the ‘Gail’ model of breast cancer risk 

[10].

Asymptomatic high-risk individuals show low acceptance of adverse drug effects, even for 

minor, bothersome symptoms , such as hot flushes [11–13]. Even ostensibly molecularly 

targeted agents can elicit off-target interactions, resulting in undesirable clinical effects. The 

goal in developing preventive agents is to optimize the benefit:risk ratio regardless of the 

specificity of the targeting [2].

Chemoprevention: Using Drugs and Nutrients to Decrease Cancer Risk

Chemoprevention at Specific Disease Sites

Cancer-preventive agent development often ‘repurposes’ drugs used for other disease 

indications. The selective estrogen receptor modulators (SERMs), tamoxifen and raloxifene 

[14], both approved by the US Food and Drug Administration (FDA) as breast cancer risk-

reducing agents, were suggested for breast cancer prevention based on their reduction of 

new breast cancer events as secondary endpoints in seminal trials establishing their use in 

therapeutic settings (tamoxifen as adjuvant breast cancer therapy [15]; raloxifene to treat 

[16] and/or prevent [17] osteoporosis). In the National Surgical Breast and Bowel Project 

(NSABP) Breast Cancer Prevention Trial (BCPT) [18] , tamoxifen reduced invasive breast 

cancer risk by 49% (P < 0.00001; ER-positive tumors by 69%) at 69 months [18] and 43% 

(P < 0.0001; ER-positive tumors by 63%) at 7 years follow-up [19] among the 13 388 high-

risk (≥1.67% 5-year risk by Gail model criteria) women. Combined data from four 

tamoxifen-versus-placebo trials strengthened these findings (original data were included for 

all four trials), with 38% (P < 0.0001] reduction in breast cancer incidence overall and 48% 

(P < 0.0001] in ER-positive tumors [20]. Although the risk-reducing benefits of tamoxifen 

led to FDA approval of tamoxifen for this indication in 1998, concerns over its toxicities, 

especially endometrial cancer and venous thromboemboli, present barriers to its use for 

prevention [11–13], encouraging the search for less toxic alternatives. The osteoporosis drug 

raloxifene, compared head-to-head with tamoxifen in the NSABP Study of Tamoxifen and 

Raloxifene (STAR) trial in postmenopausal women, proved less toxic, especially regarding 

endometrial cancer, and approximately as efficacious as tamoxifen in lowering the risk for 

invasive breast cancer [21–23], leading to FDA approval for breast cancer risk reduction in 

2007. Subsequent meta-analyses of SERM trials, including tamoxifen and raloxifene, 

continue to demonstrate their efficacy in reducing breast cancer incidence [24–26]. However, 

none of the trials was statistically powerful enough to show a reduction in breast cancer 

mortality.

The third-generation aromatase inhibitors (AIs) selectively inhibit aromatase, which converts 

androgens to estrogens. Similar to tamoxifen, AI adjuvant trials in postmenopausal women 

reduced new, contralateral breast cancers [exemestane: Intergroup Exemestane Study (IES) 
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trial [27]; anastrozole: Anastrozole and Tamoxifen Alone and in Combination (ATAC) trial 

[28]], suggesting repurposing AIs for prevention. The NCI Canada Mammary Prevention 3 

(MAP-3) trial showed a 65% (P = 0.002] relative reduction in breast cancer in high-risk 

women with exemestane-versus-placebo [29], a benefit confined to ER-positive breast 

cancers (73% reduction; P < 0.001). Although supporting exemestane for prevention in high-

risk postmenopausal women, the short trial duration, among other features, limited its ability 

to adequately assess the long-term benefit:risk balance in treated women [30]. Anastrozole 

showed comparable benefits in the ‘high-risk’ arm of International Breast Cancer 

Intervention Study (IBIS)-II [hazard ratio (HR ), 0.47; 95% confidence interval (CI ), 0.32–

0.58; P < 0.0001; invasive ER-positive cancers: HR, 0.42, 95%CI, 0.25–0.71; P < 0.001 ] 

[31]. In an independent ‘arm’ of IBIS-II comparing anastrozole to tamoxifen in women with 

hormone receptor (HR)-positive ductal carcinoma in situ (DCIS), a strong risk factor for 

invasive breast cancer, no definitive efficacy differences emerged [32]. By contrast, the 

NSABP B-35 trial in postmenopausal women with hormone-positive DCIS showed that 

anastrozole treatment was superior to tamoxifen in terms of breast-cancer free interval (HR, 

0.73; 95% CI, 0.56–0.96; P = 0.0234) [33].

The antiestrogens (SERMs and aromatase inhibitors) have in common their ability to reduce 

contralateral breast cancers in the adjuvant treatment of ER-positive cancers. This form of 

‘secondary’ prevention illustrates how activity in one context can suggest a repurposed 

application in another setting. All SERMs and aromatase inhibitors that were subsequently 

tested in well-conducted Phase 3 prevention trials have proved effective in reducing primary 

(ER-positive) breast cancers. The major concern that remains for the two FDA-approved 

agents, tamoxifen and to a lesser extent raloxifene, is toxicity, which has resulted in the 

limited uptake of these agents for prevention. Aromatase inhibitors may be less challenging, 

but to date these are not approved for prevention and they also have adverse effects that may 

prove unacceptable to healthy, high-risk women. These classes of breast cancer preventive 

drug illustrate the challenges to prevention for all cancer types and all classes of potentially 

preventive pharmaceutical agent: the balancing of toxicity against efficacy.

Repurposing of the type II 5α-reductase inhibitor finasteride, indicated for benign prostatic 

hyperplasia (and for male-pattern baldness), was seen in the Prostate Cancer Prevention 

Trial (PCPT) in 18 882 men ≥55 years with PSA (prostate specific antigen) ≤3 ng/ml [34]. 

Period prevalence, the primary endpoint, was reduced at 7 years by 24.8% with finasteride 

relative to placebo [34]. Yet, because the rate of high-grade cancers was increased with 

finasteride, the FDA did not approve this drug (or the similarly acting dutasteride, tested in 

the REDUCE/Reduction by Dutasteride of Prostate Cancer Events trial [35]) for prostate 

cancer risk reduction [36]. No effect was seen on long-term survival, although statistical 

power was limited [37]. Explanations for the high-grade observation centered on possible 

bias in the pathological analyses [38,39].

Aspirin and other Nonsteroidal Anti-Inflammatory Drugs

Numerous epidemiological and experimental studies, as well as clinical trials, point to the 

cancer-preventive properties of aspirin and other nonsteroidal anti-inflammatory drugs 

(NSAIDs ). Although generally attributed to cyclooxygenase inhibition resulting in 
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decreased prostaglandin E2 (PGE2] and its proinflammatory, procarcinogenic effects, recent 

data suggest additional, more global beneficial effects on the immune microenvironment 

[40–42].

Several meta-analyses of observational studies and clinical trials suggest selective benefits 

for particular cancers in terms of reduction in cancer incidence, risk of metastases , and 

cancer deaths [43–46]. Colorectal cancer (CRC) stands out as benefitting the most [47], with 

a pooled analysis of four randomized trials showing a HR of 0.76 (95% CI, 0.60–0.96; P = 

0.02) for the 20-year risk of this cancer with aspirin versus control [48]. The Colorectal 

Adenoma Prevention Study showed fewer recurrent adenomas with aspirin 325 mg/day 

[adjusted relative risk (RR ), 0.65; 95% CI, 0.46–0.91] [49] and the Aspirin/Folate Polyp 

Prevention Study showed a moderate effect on recurrence (RR, 0.81; 95% CI, 0.69–0.96 at 

81 mg/day and RR, 0.96; 95% CI, 0.81–1.13 at 325 mg/day) [50]. There is no clear dose–

response gradient over the range of 81–325 mg/day [49,50]. In high-risk CRC syndromes, 

aspirin showed a nonsignificant 23% reduction in polyp count in familial adenomatous 

polyposis (FAP) [51] , but a 59% decrease in CRCs in individuals with Lynch syndrome 

[52].

Other NSAIDs also reduce CRC risk [40]. In a preliminary study, sulindac with 

difluoromethylornithine (DFMO) reduced adenoma recurrence (RR, 0.30; 95% CI, 0.18–

0.49; P < 0.001), especially advanced adenomas (RR, 0.085; 95% CI, 0.011–0.65; P < 

0.001) [53]. The cyclooxygenase-2 (COX-2]-selective inhibitors also reduce adenoma 

incidence, as seen in the Adenoma Prevention with Celecoxib (APC) trial, but the associated 

cardiovascular toxicities [54,55] limit their use for cancer prevention. Given the 

gastrointestinal bleeding associated with aspirin, the current US Preventive Services Task 

Force (USPSTF) recommendations for aspirin (low-dose) to prevent cardiovascular disease 

as well as CRC have been carefully crafted to limit its use to individuals at low risk of 

bleeding but at elevated risk of cardiovascular disease (estimated risk of ≥10% over 10 

years) [56,57].

Retinoids and Rexinoids

Retinoids, natural and synthetic derivatives of vitamin A (retinol), are felt to exert their 

anticancer effects via activation of nuclear retinoic acid receptors (RARs) [58]. Although 

structurally resembling retinoids, rexinoids bind to retinoid X receptors (RXRs) to activate 

the transcription of target genes. Retinoids were among the first agents tested for 

chemoprevention [3,4]. Short-term 13-cis-retinoic acid (isotretinoin) for premalignant oral 

leukoplakia elicited decreases in the size of lesions in 67% of patients [59]. Isotretinoin 

showed activity in head and neck squamous cell carcinoma, with high doses preventing 

second primary tumors in previously treated patients [60]. Adverse events with retinoids, 

especially at high doses, include mucocutaneous toxicity and hypertriglyceridemia. 

Rexinoids are less toxic than most retinoids [61]. Bexarotene reduced mammary 

tumorigenesis by 75% in p53-null mammary epithelium [62] and prevented the development 

of preinvasive mammary lesions in MMTV-erbB2 mice [63]; unfortunately, it elevates 

triglycerides [64,65]. UAB30, a novel synthetic analog of 9-cis-retinoic acid that lacks the 

hypertriglyceridemic effect of other rexinoids, is currently in pilot studies in healthy 
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volunteers ( clinicaltrials.gov identifiers: NCT00896974, NCT01935960). The new class III 

rexinoids, UAB125 and UAB126, show promise for preventing mammary cancers, while 

potentially lowering lipid levels; however, the evidence to date is limited to animal studies 

[64,65].

Metformin

Metformin is an example of a drug approved for another disease (diabetes ) ‘repurposed’ as 

a possible cancer preventive agent [66]. It also exemplifies the targeting of the obesity–

diabetes–physical activity–energy balance axis, disruption of which by onset of the 

metabolic syndrome is associated with risk for certain cancers [67–70]. Observational 

studies have shown metformin use by diabetics to correlate with reduced incidence of 

overall cancer, specific cancers (pancreatic, hepatocellular, colorectal, lung , and breast 

cancers [71]), and cancer mortality [72–75]. However, results from observational studies are 

not consistent [73,76,77]. The DPP Observational Study (DPPOS) [78] ( clinicaltrials.gov 

identifier: NCT00038727i ); an ongoing follow-up to the randomized placebo-controlled 

Diabetes Prevention Program (DPP) assessing metformin-versus-lifestyle in prediabetics 

[79], is a stronger study design. Results from this study are pending.

Reducing Toxicity while Maintaining Efficacy

Two strategies to circumvent undesirable drug effects are lowering the dose [80] and using 

local administration [81], both of which have been implemented with tamoxifen. Reducing 

the usual 20-mg/day dose by 75% [80,82] was comparable to full doses in reduction of total 

cholesterol, IGF-1 , and other circulating biomarkers in healthy women [83]. Three 

tamoxifen doses in a randomized presurgical trial in women with early-stage ER-positive 

breast cancer exhibited the same degree of Ki-67 reduction in tumor tissue [84] and were 

associated with recurrence-free survival [85]. Topical administration of active tamoxifen 

metabolites to the breast circumvents hepatic metabolism, thereby avoiding the excretion of 

large amounts of drug before it reaches the target site [81,86] and may avoid systemic 

distribution with possible associated adverse effects (endometrial cancer, thromboembolism, 

hot flushes, night sweats, and menstrual irregularity). In a Phase 2 presurgical trial in 27 

women with ER-positive DCIS, 4-hydroxy-tamoxifen [4-OHT) gel applied to the breast skin 

(2 g/day to each breast) decreased Ki-67 by 3.4% compared with 5.1% with oral tamoxifen 

(P ≤ 0.03 in both groups, P = 0.99 between groups) [86]. Importantly, mean plasma 4-OHT 

levels differed significantly : 0.2 ng/ml with topical 4-OHT versus 1.1 ng/ml with oral 

tamoxifen.

Immunoprevention: Vaccines

Immunological approaches, mainly vaccines [87,88], are especially applicable to cancer 

prevention [89–93], where the favorable safety profile is well suited to the healthy recipients 

(Figure 1). Cancer-prevention vaccines either prevent infection with cancer-causing 

organisms or directly target non-infection-associated cancers [88,94].

ihttps://dppos.bsc.gwu.edu/documents/1124073/1127212/Protocol+4.0+Main+(PDF).pdf/b8a9f187-a35d-4192-b6ca-1c9074629da8
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Vaccines to prevent infectious cancers [95] are ‘prophylactic’ when administered before 

exposure to prevent infection by the carcinogenic agent [96]. The immunogenic antigen is 

derived from the infectious agent, generally an oncovirus. The recombinant hepatitis B virus 

(HBV) vaccine, approved in 1981 [97], decreased HBV-associated hepatocellular carcinoma 

(HCC) following implementation of population-based HBV vaccination programs (first in 

children in Taiwan [98]).

Similarly, the carcinogenic role of specific serotypes of human papillomavirus (HPV) 

(especially HPV 16 and 18 , which cause 70% of cervical cancers) [99] underlay the 

development of prophylactic HPV vaccines targeting known viral antigens [100–102]. Three 

prophylactic vaccines, all containing the major capsid protein L1 of specific HPV strains, 

have been FDA approved: a bivalent vaccine (HPV 16/18); a quadrivalent vaccine (HPV 

6/11/16/18); and a nonavalent vaccine (HPV 6/11/16/18/31/33/45/52/58) [103]. National 

vaccination programs have resulted in decreases in HPV prevalence in girls and women in 

the targeted age group, approximately 16–26 years [104,105]. In terms of our ultimate goal 

of cancer prevention, the decreases in HPV prevalence have translated into reductions in the 

prevalence of downstream precancerous cervical lesions. Thus, vaccination against HPV 

types 16/18 resulted in a significant decrease in HPV 16/18-attributable lesions in women 

with pre-existing cervical intra-epithelial neoplasia (CIN) 2 (diagnosed on abnormal 

Papanicolaou/Pap test ; i.e. , the ‘trigger’ Pap) who initiated vaccination at least 24 months 

before their trigger Pap [106,107]. This type-specific reduction in high-grade cervical 

lesions was apparent in women receiving at least one vaccine dose but not in unvaccinated 

women, suggesting an early impact of HPV vaccination on vaccine-type disease [107]. 

Furthermore, application of the existing vaccines is expanding to include boys. The vaccines 

may also offer protection against a broad array of other HPV-associated cancers (vulva, 

vagina, penis, anus , and a subset of head-and-neck cancers, particularly of the oropharynx 

[88]). In fact, Gardasil, the quadrivalent vaccine, is indicated for the prevention of a variety 

of precancerous lesions caused by HPV types 6, 11, 16, and 18ii.

Hepatitis C virus (HCV), an RNA virus that causes chronic hepatitis, cirrhosis, and HCC, 

has proven more elusive in terms of the development of effective prophylactic vaccines 

[108,109]. However, drugs , such as ombitasvir, dasabuvir, ledipasvir , and sofosbuvir , have 

demonstrated efficacy in inducing high rates of sustained virological responses in 

individuals with chronic infection [110–112]. Until HCV vaccines are developed, these 

antiviral agents, paired with regular screening for HCV infection, offer promise for the 

prevention of downstream sequelae , including virus-associated HCC.

Selection of immunogenic antigens for vaccines to prevent noninfectious cancers is more 

challenging. Unlike the inherently ‘non-self’ nature of virus-derived antigens, the 

‘neoantigens’/tumor-associated antigens (TAAs) produced by noninfectious tumors have 

some component of ‘self’. TAAs develop by modification of normal host antigens via a 

variety of mechanisms, including mutation, abnormal post-translational modification, and 

overexpression [88]. The goal is to break tolerance to ‘self’ [87], while avoiding 

iiwww.fda.gov/downloads/BiologicsBloodVaccines/Vaccines/ApprovedProducts/UCM111263.pdf
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autoimmune responses against normal tissue. Autoimmune adverse effects have been rare 

with immunopreventive vaccines [113].

Overexpression of the neoantigen hypoglycosylated MUC1 occurs in colonic epithelium in 

inflammatory conditions such as inflammatory bowel disease (IBD) and CRC, exposing the 

peptide backbone as an immunostimulatory epitope. A vaccine targeting MUC1 has shown 

promise in preventing both IBD and CRC in a mouse model [114]. Her2 overexpression in 

20–30% of breast cancers prompted development of a Her2-derived peptide vaccine (E75/

Nelipepimut-S) [115]. Nelipepimut-S is being tested in the preventive context in women 

with DCIS in the VADIS trial ( clinicaltrials.gov identifier: NCT02636582).

Together with Her2, insulin-like growth factor-binding protein 2 (IGFBP-2) and insulin-like 

growth factor receptor-I (IGF-IR) are overexpressed in many breast cancers and DCIS and 

are associated with a poor prognosis [116–118]. Immunization of transgenic mice 

engineered to develop mammary tumors overexpressing Her2-IGFBP-2-IGFR-1 with a 

multi-antigen vaccine effectively inhibited tumor growth; the tri-antigen vaccine showed 

greater efficacy compared with the individual antigens [116]. Combined with the rexinoid 

bexarotene, this vaccine showed even better disease-free survival. Given this preclinical 

outcome, vaccination with the same antigens may hold promise for breast cancer prevention 

in high-risk women.

In a final example, exploitation of a neoantigen encoded by a KrasC12D mutation, present in 

> 90% of pancreatic ductal adenocarcinomas (PDA), is the basis for a Listeria vaccine (LM-

Kras) administered to KPC mice. These mice express this mutated gene in pancreatic 

tissues, mimicking carcinogenic progression seen in human PDAs. Immunization of KPC 

mice at early stages of progression, together with depletion of T regulatory cells, reduced the 

progression of premalignant lesions to cancer and prolonged survival [119,120], suggesting 

that this vaccine has potential for PDA prevention in the clinical setting.

The immune checkpoint inhibitors are currently among the most promising immunological 

interventions [121]. Members of this class are being investigated or have been FDA- 

approved for several metastatic and advanced cancers. Although these agents may ultimately 

prove valuable for cancer prevention, the associated toxicities in their current usage preclude 

this application.

Concluding Remarks

Contrary to the view that ‘chemoprevention of cancer is an almost universal failure’ [122], 

successes in cancer prevention have been achieved [18,21,22,29,31,123]. For several agents, 

preclinical models have accurately predicted efficacy in humans [2], with both negative 

[124–128] and positive outcomes [29,31,129]. Nevertheless, new animal models must be 

developed with long enough latency periods to enable preventive intervention and to explore 

optimal timing of administration [130,131]. Engineered mouse strains should effectively 

model the genetic diversity of human cancer to enable ‘precision’ cancer prevention [132]. 

There are interventions at the interface of primary prevention and screening. Cervical cancer 

screening, for example, should ideally detect pre-invasive disease, enabling resection of 
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cervical intraepithelial neoplastic lesions and thereby ‘preventing’ progression to invasive 

cancer. Similarly, detection and removal of adenomas during screening colonoscopy is a 

form of primary prevention. The development of a prophylactic vaccine to prevent chronic 

HCV infection has proven challenging, given the many ways in which this RNA virus has 

evolved to evade the immune system [133]. However, several laboratories are addressing this 

problem and , hopefully , an effective vaccine that ultimately prevents HCV-associated HCC 

will eventually be available.

Among areas ripe for investigation are combinations of preventive agents, exemplified by 

the Her2-IGFBP-2-IGFR-1 vaccine plus bexarotene for mammary cancer [116]. Even with 

‘successes’, such as FDA approval of tamoxifen for risk reduction, hurdles in acceptance by 

the at-risk and physician community [11,134,135] abound due to concerns about toxicity 

[136]. Therefore, risk models must be refined [137] to better delineate candidates for 

preventive interventions in whom the risk:benefit balance is optimized. These should 

improve the entire decision-making process [12,13]. Key challenges that are currently being 

addressed in the field of cancer prevention are summarized in the Outstanding Questions.

Outstanding Questions

The key challenge to developing agents for chemoprevention is the need to 

minimize toxicity while enhancing efficacy, allowing for an optimal benefit:risk 

ratio.

Risk models for each of the common cancers must be developed to determine 

which individuals are at high enough risk to benefit from preventive interventions.

Analysis of genomic, epigenomic , and proteomic profiles of premalignant lesions 

is a promising direction for future research. The resulting PCGA database will 

provide the molecular backdrop against which targeted preventive agents can be 

developed.

The development and validation of additional preclinical prevention models that 

can generate accurate and reliable mechanistic and responsive predictors of human 

preventive efficacy and toxicity are key concerns in the field. Although 

investigators in some cases rely on agent effects against cancer cell lines or 

xenografted tumors for early preclinical studies regarding the effective 

concentrations for preventive agents, such models are not appropriate for 

prevention, since they involve existing cancer. The need is for animal models 

exhibiting a precancerous continuum during which tested agents can be 

administered and cancer prevention evaluated.

The question of whether immunological interventions, especially vaccines, that 

target non-infection-associated cancers will be effective and nontoxic needs to be 

addressed.

Glossary

Cancer prevention
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the arrest, slowing down, or reversal of the carcinogenic process before invasion into 

surrounding tissue by avoiding or blocking causative exposure

Chemoprevention
the application of a pharmacological approach for the prevention of cancer

Pre-Cancer Genome Atlas (PCGA)
a database of genomic and epigenomic abnormalities that are observed in pre-invasive 

lesions and potentially contribute to carcinogenesis. The PCGA, which is in the early stages 

of development, will provide information that enables more accurate prediction of prognosis 

and drug response as well as providing new targets for preventive agent development
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Trends

The development of small-molecule pharmaceutical agents, especially those that 

target known molecular abnormalities associated with specific cancers, reflects the 

application of ‘precision medicine’ to chemoprevention and is an area of current 

interest.

Increasing emphasis is being placed on immunological interventions, mainly 

vaccines, for cancer prevention.

Repurposing of drugs approved for noncancer prevention indications is a 

promising area of research, since toxicities for such agents are already known.

Combining agents, including vaccines, to enhance their preventive efficacy is an 

approach to chemoprevention that is currently being investigated.
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Figure 1. 
Evolution of a tumor from normal tissue through progressively advanced premalignant 

lesions to invasive cancer [going from left to right in (A)] is depicted by the cartoon in (B). 

Normal cells are shown in white. Progressively abnormal cells appear in gradually darker 

shades of blue, with dark-blue circles representing invasive cancer cells and red circles 

depicting cancer cells with metastatic potential. This progression results from the 

accumulation of oncogenic genetic mutations (C). The resulting mutational accumulation 

confers growth advantages, leading to clonal expansion over time of genetically more 

complex cells, as shown in cells spreading out along the Y axis (B). In parallel with the 

neoplastic progression (B), the microenvironment, in particular the immune environment 

(D), evolves. In normal-appearing or at-risk tissue, the immune component of the 

microenvironment is populated in large part by immunocompetent cells capable of fighting 

cancer cells; in (D), these are represented by TH/CD4 and cytolytic/CD8 T cells and antigen-

presenting cells (APCs), such as dendritic cells (DCs). Among others, these cells are capable 

of carrying out immuno-surveillance and eliminating incipient premalignant cells. As lesions 

progress to more advanced premalignant and, ultimately, invasive malignant states, the 

immune environment becomes progressively suppressed and less able to eliminate the 

abnormal cells. This evolving immunosuppression is represented in (D) by increased 

abundance of T regulatory cells (Tregs) and myeloid-derived suppressor cells (MDSCs), 
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which antagonize beneficial immune responses, allowing the tumor to grow. Administering 

anticancer drugs or vaccines before invasion (vertical red line) constitutes ‘preventive’ 

intervention. This approach, especially early during progression, is likely to be more 

effective than administering preventive agents late in premalignancy or ‘treatment’ 

interventions after invasion. The more intact state of the immune system early during 

premalignancy facilitates a robust response to cancer-preventive vaccination and may also 

enhance anticancer responses to chemopreventive agents. Additional factors contributing to 

the relative efficacy of preventive versus treatment interventions are shown in the large light-

blue arrows. The progressive changes observed in the tumor microenvironment during 

carcinogenesis, including evolving immunosuppression, are reviewed in [93,138,139]. Key: 

, normal-appearing/at-risk cell; , , progressively abnormal premalignant cells; , 

invasive cancer cell; , cancer cell with metastatic potential; , helper T cell (TH/CD4]; , 

cytolytic T cell (CTL/CD8]; , APC, for example, DC.
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