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The complexity of cancer requires a comprehensive approach to understand its

diverse manifestations and underlying mechanisms. Initially outlined by Hanahan

and Weinberg in 2000 and updated in 2010, the hallmarks of cancer provide a

conceptual basis for understanding inherent variability in cancer biology. Recent

expansions have further elucidated additional hallmarks, including phenotypic

plasticity and senescent cells. The International Agency for Research on Cancer

(IARC) has identified the key characteristics of carcinogens (KCCs) to evaluate

their carcinogenic potential. We analyzed chemicals of concern for

environmental exposure that interact with specific receptors to induce

genomic instability, epigenetic alterations, immune suppression, and receptor-

mediated effects, thereby contributing to chronic inflammation. Despite their

varying degrees of carcinogenicity, these chemicals have similar KCC profiles.

Our analysis highlights the pivotal role of receptor binding in activating most

other KCCs, underscoring their significance in cancer initiation. Although KCCs

are associated with early molecular or cellular events, they do not encompass

processes directly linked to full cellular malignancy. Thus, there is a need to

integrate clear endpoints that anchor KCCs to the acquisition of a complete

malignant phenotype into chemical testing. From the perspective of toxicology

and cancer research, an all-encompassing strategy that incorporates both

existing and novel KCCs and cancer hallmarks is essential to enable the

targeted identification of prevalent carcinogens and facilitate zone-specific

prevention strategies. To achieve this goal, collaboration between the KCC and

cancer hallmarks communities becomes essential.
KEYWORDS

KCCs, cancer hallmarks, chemical carcinogens, cancer process, regulatory toxicology,
precise toxicology, environmental exposure, key carcinogens characteristics
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1 Introduction

Cancer cells interact with a complex microenvironment,

underscoring the inherent variability in cancer. Hanahan and

Weinberg captured this complexity by outlining the hallmarks of

cancer in 2000 and updating them in 2010 (1, 2). Senga and Grose

expanded the hallmarks of cancer in 2021 by introducing additional

hallmarks, such as dedifferentiation/transdifferentiation, epigenetic

dysregulation, altered microbiome, and altered neuronal signaling

(3). In 2022, Hanahan proposed the unlocking of phenotypic

plasticity, non-mutational epigenetic reprogramming, senescent

cells, and polymorphic microbiomes as additional hallmarks and

emerging characteristics (4)

The exposome concept was introduced as a new paradigm for

understanding and measuring all non-genetic factors that influence

individuals throughout their lives, serving as a counterpart to the

genome (5) This concept underscores the importance of capturing

diverse environmental exposures, including chemical, biological,

and psychosocial factors, to comprehensively assess their collective

impact on health outcomes, such as carcinogenesis (5, 6). The

Halifax Project Task Force, a pioneering effort in 2013, employed

the original eleven hallmarks to evaluate the carcinogenic potential

of environmental chemical mixtures and low-dose exposures (7).

This initiative highlighted the critical need for robust data on

environmental toxin exposures to elucidate their role in cancer

development. Concurrently, an expert panel workshop convened by

the International Agency for Research on Cancer (IARC) identified

for over hundred Group 1 cancer hazards ten key characteristics of

carcinogens (KCCs), offering a structured and comprehensive

approach to identify, assess and classify the carcinogenic potential

of various environmental agents (8, 9) (Table 1).

The IARC Preamble, as amended in 2019 (10), and the

upcoming updated Handbook of the Report on Carcinogens

(RoC) by the US National Toxicology Program (NTP (11) to

develop monographs underscores the importance of refining

current methods and/or adding novel methods to mechanistically

identify and assess cancer hazards. This emphasizes the need of

utilizing an integrated approach that prioritizes causation over

association and incorporates both KCCs and cancer hallmarks for

precision environmental health.

To enhance the understanding of the relationship between

KCCs and cancer hallmarks, we analyzed a group of chemicals of

environmental concern These were classified into different ranks of

carcinogenicity by the IARC (12) and NTP (13) including polycyclic

aromatic hydrocarbons (PAHs), perfluoroalkyl substances (PFASs),

phthalates , and endocrine disruptors (EDC), such as

organophosphate (OPFRs) and halogenated (HRF) flame

retardants, with arsenic as a paradigmatic representative of heavy

metals (Supplementary Table S1).

PAHs and their nitro-derivatives (NPAHs) are among the most

significant air pollutants and are implicated in respiratory

pathologies, including cancer. PFASs are associated with a

spectrum of health concerns, including potential adverse effects

on immune function and metabolism. Their carcinogenic
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properties have recently been revaluated based on new data and

KCCs (14).

Phthalates have emerged as significant environmental

contaminants, potentially linked to the escalation of various

health issues, including reproductive disorders. OPFRs and HRFs

are persistent pollutants used to reduce the flammability of various

materials including plastics, textiles, and foam products. Some

OPFRs such as tris(2,3-dibromopropyl) phosphate (TDBPP) are

considered potential human carcinogens. Arsenic is recognized as a

significant environmental hazard and is implicated in a range of

health issues including cancer. These substances interact with

significant receptors, whose activation can initiate molecular

events in the carcinogenesis process. These receptors include the

aryl hydrocarbon receptor (AhR), peroxisome proliferator-

activated receptors (PPARs), estrogen and/or androgen receptors

(ERs; AR), thyroid hormone receptors (THRs), and glucocorticoid

receptors (GR).
TABLE 1 Key characteristics of carcinogens and evolution of cancer
hallmarks from 2000 to 2022.

Key Carcinogens Characteristics (Smith et al, 2016)

1. electrophilic or can be metabolically activated
2. Is genotoxic
3. Alters DNA repair or causes genomic instability
4. Induces epigenetic alterations
5. Induce oxidative stress
6. Induces chronic inflammation
7. Is immunosuppressive
8. Modulates receptor-mediated effects
9. Causes immortalization
10. Alters cell proliferation, cell death or nutrient supply

Cancer Hallmarks (Hanahan and Weinberg, 2000)

− Self-Sufficiency in Growth Signals
− Insensitivity to Antigrowth Signals
− Evading Apoptosis
− Limitless Replicative Potential
− Sustained Angiogenesis
− Tissue Invasion and Metastasis
− Genome Instability

Cancer Hallmarks: the next generation (Hanahan and
Weinberg, 2011)

− Genomic instability and evolution
− Tumor-Promoting Inflammation
− Reprogramming Energy Metabolism
− Evading Immune Destruction

Cancer Hallmarks: the new testament (Senga and
Grose, 2021)

− Dedifferentiation/Transdifferentiation
− Epigenetic dysregulation
− Altered microbiome
− Altered neuronal signaling

Cancer Hallmarks: new dimensions (Hanahan, 2022)

− Unlocking Phenotypic Plasticity
− Nonmutational Epigenetic Reprogramming
− Polymorphic microbiomes
− Senescent cells
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2 Electrophiles or metabolically
activated toxins that induce stemness

The KCC concept identifies electrophiles and metabolically

activated toxins. Electrophiles, characterized by their electron

deficiency, react with nucleophiles through covalent bonding and

form adducts with vital cellular macromolecules, such as DNA. This

interaction is central to carcinogenesis. While some carcinogens act

directly as electrophiles, others undergo transformation into

reactive metabolites by enzymes, such as cytochrome P450s,

becoming potent carcinogens (15, 16).

PAHs and NPAHs require metabolic activation to generate

electrophilic products that can form DNA adducts. AhR

orchestrates the bioactivation and detoxification of activated

metabolites. Beyond a certain threshold, detoxification capacity is

overwhelmed and adaptive responses become maladaptive,

implicating disrupted immune and metabolic pathways in genetic

instability (17, 18). Therefore, electrophilicity not only contributes

to genomic instability, but also influences the immune response

and metabolism.

Both PFASs and some phthalate metabolites are considered

electrophilic (19, 20) and have the potential to covalently bind to

cellular macromolecules. The electrophilic nature of PFAS has been a

topic of debate. While some experts argue that PFAS are not

classically electrophilic due to their strong carbon-fluorine bonds

and stability ( (19), accumulating evidence suggests that PFAS can

undergo oxidation/reduction reactions, leading to the formation of

reactive intermediates. These intermediates may interact with

nucleophilic sites in biological molecules, emphasizing the potential

for oxidative stress and its implications in carcinogenesis (21–23).

PFAS compounds exhibit different binding behaviors depending on

their carbon chain lengths and functional groups. For instance, new

classes of PFAS that feature shorter chains and incorporate oxygen

molecules are considered to be more reactive.

OPFRs are electrophilic compounds that react with

nucleophiles in biological systems (24). As a compound

containing bromine atoms, TDBPP can act as an electrophile by

seeking electron-rich species to form covalent bonds.

Arsenic is commonly found in the environment as oxides,

existing in trivalent or pentavalent forms, with a high affinity for

electron-rich groups in biological molecules, such as thiols in

detoxification pathways. This disrupts cellular processes and

contributes to carcinogenesis and genotoxicity (25).
3 Can cause genomic instability

Genotoxic substances that inflict DNA damage do not always

directly result in mutations, raising the question about their

classification as carcinogens. Such damage can take various forms,

including DNA adducts, strand breaks, or base modifications, which

differ fundamentally from mutations that alter the DNA sequence

itself, often as a byproduct of repair processes. This distinction

underscores the importance of considering genotoxicity alongside
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the capacity to disrupt DNA repair mechanisms or induce genomic

instability as a critical characteristic of carcinogens, aligning with the

cancer hallmark of genomic instability. The intersection of genotoxic

and mutagenic properties of carcinogens recognized by the IARC

(12) and NTP (13) suggests the relevance of these agents in

precipitating cancer, especially when considering individuals with a

predisposition to genomic instability, such as those with hereditary

syndromes that heighten vulnerability to additional environmental

insults (26). This aligns with Knudson’s two-hit hypothesis (26).,

which posits that the path to malignancy often requires multiple

genetic insults, highlighting the complexity of cancer development

and potential role of environmental toxins in precipitating

germline mutations.

The linkage between hereditary cancer syndromes and genomic

instability, whether chromosomal (CIN) or microsatellite (non-

CIN), through mutations in DNA repair genes exemplifies the

intricate relationship between genetic predisposition and cancer

risk. (27). For instance, mutations in mismatch repair genes in

Lynch syndrome or biallelic mutations in the MYH gene are

associated with base excision repair pathways, leading to an

elevated rate of G•C to T•A transversions and underlining the

critical impact of DNA repair fidelity on cancer susceptibility (28)

Moreover, the role of oxidative stress induced by various

carcinogens in contributing to genomic instability further emphasizes

the need for a nuanced understanding of carcinogenesis. Oxidative

stress can precipitate DNA damage, leading to genomic instability and

the accumulation of mutations that facilitate cancer progression by

enabling cells to acquire additional malignant traits. Thus, the

identification of genotoxic agents and those inducing oxidative stress

in genes crucial for DNA damage recognition, repair initiation, or

damage prevention, is essential in the context of carcinogenesis. DNA

double-strand breaks (DSBs) or interstrand crosslinks have been

identified as contributing to an increased susceptibility to a spectrum

of cancers, including, but not limited to, breast and ovarian cancer,

leukemia, and lymphomas (29–31) Moreover, mutations in genes

associated with nucleotide excision repair pathways have been

implicated in predisposing individuals to skin cancer (32). There is

an acute need to screen for agents specifically causing genomic

instability in gatekeeper genes, which play a central role in

maintaining genomic integrity.

In addition to their direct interactions with DNA and

mutagenic effects, PAHs can induce genetic instability by

producing reactive oxygen and nitrogen species (ROS/RNS),

which can damage cellular components such as lipids, proteins,

and DNA. PAHs also disrupt cell antioxidant defense mechanisms,

including the depletion of antioxidant molecules such as

glutathione and the inhibition of enzymes such as superoxide

dismutase and catalase (33).

PFASs, phthalate metabolites, such as mono(2-ethylhexyl)

phthalate (MEHP), and OPFRs can induce oxidative stress

through the direct generation of ROS/RNS, or by inhibiting

mitochondrial function, leading to an imbalance between ROS

production and antioxidant defense mechanisms (34–36).

Additionally, they can deplete cellular antioxidants such as

glutathione and disrupt antioxidant enzyme activity (36).
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Arsenic, particularly in its interconverted forms arsenite

(As^III) and arsenate (As^V), undergoes redox reactions within

cells, leading to the generation of ROS and subsequent oxidative

stress. Arsenite, in particular has been identified as a potent inducer

of oxidative stress through mechanisms such as mitochondrial

dysfunction and the inhibition of antioxidant enzymes. These

effects result in oxidative damage to cellular components,

contributing to cellular dysfunction and toxicity (37).

Therefore, all these chemicals considered can induce genetic

instability by generating oxidative stress, thereby fostering

inflammation (38).
4 Induces epigenetic alterations

The rapid assessment of epigenetic effects is essential for both

short-term and long-term consequences of toxin exposure,

considering that the KCCs and hallmarks both propose epigenetic

dysregulation and non-mutational epigenetic reprogramming (39).

Studies on non-smoking Polish coke-oven workers exposed to

PAHs found alterations in DNA methylation, including increased

global and IL-6 gene methylation, and reduced methylation of p53

and HIC1 tumor suppressor genes. p53 hypomethylation is linked

to chromosomal instability and higher micronuclei levels,

suggesting that DNA methylation modifications are potential

biomarkers of cancer risk due to PAH exposure (40).

PFASs can induce epigenetic alterations associated with

childhood cancers, such as ependymomas (19, 41, 42). When

combined with a high-fat diet, PFASs can support prostate cancer

progression through epigenetic, transcriptomic, and metabolomic

alterations, indicating a complex interplay between metabolism and

epigenetics during cancer development (43, 44).

Phthalate exposure can alter DNA methylation and miRNA

production and induce transgenerational epigenetic changes that

affect transgenerational disease susceptibility (45, 46).

OPFRs exposure is associated with alterations in DNA

methylation patterns and histone modifications (47).

Arsenic metabolism involves methylation reactions that share

similarities with DNA methylation pathways, suggesting a potential

interplay between arsenic metabolism and DNA methylation.

Arsenic exposure can cause global changes in DNA methylation,

and is associated with prostate cancer (48, 49).

Epigenetic changes can affect receptors and trigger molecular

events that may cause cancer. DNA methylation patterns can

silence or alter receptor gene expression, thereby affecting normal

signaling. Histone modifications can change the chromatin

structure and influence receptor expression by impacting

promoter accessibility. mRNAs can regulate receptor expression

by targeting messenger RNAs to degrade or inhibit their translation.

Although some EDCs may disrupt epigenetic programming during

development, it remains unclear whether this leads to negative

outcomes (50) This emphasizes the pivotal role of receptor-

mediated effects in the context of KCCs, highlighting how

epigenetic changes contribute to receptor dysfunction and

subsequent carcinogenic processes.
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5 Induces chronic inflammation

Chronic inflammation, a key characteristic of carcinogenesis, is

intricately linked to the hallmarks of tumor-promoting

inflammation and alterations in the microbiome or polymorphic

microbiomes. This association is due to both the direct effects of

environmental toxins and indirect effects via changes in the

microbiome at the population level.
5.1 Direct impact on immune-
inflammatory responses

Research integrating single- and multiple-exposure models has

shed light on the immunoinflammatory response to mixed chemical

exposure, revealing the differential effects of chemicals on immune-

inflammatory markers.

All chemicals that induce oxidative stress are potentially

involved in the inflammatory processes.

The immune-inflammatory response to environmental exposure is

mediated by AhR activation, leading to inflammasomes and adaptive

responses. Chronic inflammation occurs when adaptive responses

become maladaptive due to sustained or high exposure (17, 18).

PAHs and metals have been identified as significant influencers,

underscoring the complexity of the health effects of multiple

chemical exposures (41, 51) necessitating the development of

sophisticated models to decipher the interactions and non-linear

relationships between chemical co-exposure and immune-

inflammatory responses.
5.2 Indirect impact through
the microbiome

The ubiquitous Helicobacter pylori, co-evolved with humans

for 50,000 years, represents the dual role of microbiota in health and

disease. H. pylori is associated with a reduced risk of certain diseases

and interacts with gut microbiota to influence metabolic processes

(52, 53). However, its presence has also been implicated in a

significant proportion of gastric cancers (54).

The microbiome impact on cancer progression supports Paget’s

seed and soil hypothesis. The microbiome can alter the tumor

microenvironment, thereby facilitating or hindering cancer

development. This corresponds to the discovery that oncoviruses,

such as the Rous sarcoma virus, necessitate a suitable “soil” for the

oncogenic “seeds” to thrive (55–57).

Chronic inflammation, tumor-promoting inflammation, and

altered microbiomes are key factors to consider when determining

the environmental toxins that drive precursor lesions to malignancy.

These factors exploit the extended latency period, as seen in colorectal

cancer development (58), to prevent such progression.

Environmental pollutants, such as heavy metals, pesticides, and

food additives, can harm gut microbiomes and potentially cause or

exacerbate human diseases. This damage can result from both direct
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and indirect effects on gut bacteria, leading to alterations in the

microbial diversity and metabolic processes.

One mechanism of microbiome toxicity is the changes in the

microbial metabolites, which bind AhR or t (59) he Farnesoid X

Receptor (FXR) (60), affecting the immune response andmetabolism.

PFAS can lead to alterations in gut microbiota and reduce

microbiome diversity (61, 62).

DEHP modifies mouse intestinal microbiota, affecting

metabolism and intestinal integrity (63).

Arsenic affects microbiome composition and function, with

microbial redox transformations influencing its fate and toxicity

when inhaled or ingested (64–66).
6 Is immunosuppressive

Cancer immune evasion and immunosuppression have distinct,

yet interrelated mechanisms and implications.

Immune evasion, a cancer hallmark, refers to tumor’s ability to

avoid immune detection through various strategies, including

immunosuppression. In metastatic melanoma treatments, such as

adoptive cell transfer therapies, initial remission can be followed by

relapse due to melanoma cell dedifferentiation influenced by

proinflammatory cytokines such as TNF-a within the tumor

microenvironment, facilitating immune evasion through antigen

loss (67).

The distinction between immunosuppressive effects, such as

those observed in organ transplantation, and immune evasion

strategies, including camouflage of the immune system, prompts a

revaluation of this key characteristic. Environmental toxins, while

traditionally associated with immunosuppression, may also play

roles in facilitating immune evasion, underscoring the need for a

broader focus on environmental factors that hinder the body’s

immunosurveillance mechanisms against cancers.

The role of AhR in both cancer immune surveillance and

immune evasion makes it a potential target for disruption and

tumor promotion by exogenous chemicals, such as PAHs (68).

PPARs regulate immune responses by controlling inflammation

and immune cell activity. AhR, PPARs, and other nuclear receptors

interact to enhance immunosuppression.

PFAS have emerged as a significant concern because of their

potential to induce immunosuppression (69).

Other environmental contaminants, ranging from fungicides and

herbicides to personal care substances and industrial agents such as

DEHP, which affect cytokine secretion (70), have been implicated in

potentially compromising tumor immunosurveillance.
7 Modulates receptor-
mediated effects

The nexus between receptor-mediated signaling and perpetuation

of cell proliferation underscores a fundamental aspect of

carcinogenesis, emphasizing the critical role of receptor pathways in

the broader context of cancer cell growth and beyond molecular
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initiating events. Many chemicals, such as PAHs, PFAS, and

phthalates, interact with multiple receptors, leading to complex

downstream effects. Recent reviews provide a broader spectrum of

receptor-mediated pathways involved in these interactions (71–73).

An integrated approach to understand how the modulation of

receptor-mediated pathways directly contributes to the

characteristics of sustained proliferative signaling is crucial.

PFASs underscore the connection between receptor modulation

and proliferative signaling because of their ability to act as PPARs

agonists or antagonists.

Tetrabromobisphenol A (TBBPA), a widely used HFR, interacts

with both ER and AR, leading to a combined effect (74), which has

been proposed as a mechanism in the carcinogenesis of triple-negative

breast cancer (TNBC) (75), and with THR (76, 77), modulating genes

involved in thyroid cancer, through epigenetic alterations (77, 78).

Arsenite can impede GR-mediated transcription at non-toxic

levels, impacting nuclear function without affecting hormone-

induced activation or translocation (79) Other chemicals, such as

benzophenone-1 (BP1), affect ER pathways, which regulate cell

proliferation and cell cycle. BP1 stimulates ER-positive cancer cells

and modulates cyclin D1 expression, highlighting the importance of

these pathways in maintaining proliferative signaling (80).

Taken together, these insights argue for a paradigm that

acknowledges that screening for environmental toxins that

mediate receptor-mediated modulation must essentially focus

on sustained proliferative signaling as one of the majors read

out (81).
8 Causes immortalization: altered
lengthening of telomeres & evasion of
cell death

The focus on immortalization and evasion of apoptosis, two

critical hallmarks, contributes significantly to the understanding of

environmental toxin-driven cancer via KCCs.

Telomere dynamics, influenced by environmental factors such

as bisphenol A (TBBPA) and persistent organic pollutants (POPs),

underscores the role of toxins in aging and disease susceptibility (82,

83). Investigations of telomere alterations among astronauts and

arsenic exposure further highlight the complex interplay between

toxins and telomere length regulation (84, 85).

Disrupted regulation of apoptosis by environmental mutagens,

including endocrine-disrupting chemicals (EDCs) such as

bisphenol A, is implicated in cancer development (86). Climate

change exacerbates this risk by altering environmental stressors,

contributing to air pollution complexity, and disrupting the

apoptotic signaling pathway (87).

PAHs have been implicated in oral squamous cell carcinoma by

influencing cell fate decisions and promoting cell immortalization

during senescence (88).

Exposure to PFAS has been associated with altered plasma

membrane fluidity, affecting calcium signaling and increasing

platelet response to agonists, potentially influencing cell survival

and evasion of cell death (89).
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High arsenite concentrations may decrease telomerase activity

and telomere length, leading to apoptosis (90).
9 Deregulating cellular energetics: a
fulcrum for KCC - alters cell
proliferation, cell death, or
nutrient supply

The final key characteristic of carcinogens, instead of focusing

on three different aspects, which have already been addressed via

other characteristics, may benefit from specifically focusing on

deregulating cellular energetics. This focus will be crucial for

mitigating toxin exposure and cancer metabolic underpinnings.

PAHs offer a good example of how chemical exposure can

deregulate cellular energetics, highlighting the intricate relationship

between environmental toxins and cancer metabolism. PAHs can

induce metabolic reprogramming by generating ROS and causing

mitochondrial dysfunction. This leads to a shift towards glycolysis

and away from oxidative phosphorylation, creating an environment

favorable to cancer cell growth and survival (91). PAHs reactive

intermediates such as diol epoxides can bind proteins leading to the

generation of advanced glycation end products (AGEs) through the

Maillard reaction (92). AGEs, interacting with their receptors

(RAGE), induce metabolic disruption and histone glycation and

trigger. the activation of key inflammatory signaling pathways (93).

This mechanism has been confirmed in occupational exposure to

PAHs, and metal fumes in shipyard welders (94).

PFAS are implicated in inducing epigenetic alterations and

influencing cell proliferation, potentially contributing to cancer

development (19).
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Phthalates are associated with the redox control of cancer cell

destruction, where factors such as insufficient oxygen and nutrients

can lead to cell death in tumor masses (95).

OPFRs affect diverse molecular pathways controlling cell

proliferation and death, potentially contributing to cancer

development (96).

Arsenic exposure has been linked to alterations in the gut

microbiome, which can influence nutrient supply and potentially

contribute to cancer development (97).
10 Discussion

KCCs are intrinsic properties of chemical molecules that contribute

to carcinogenesis initiation and sustenance. However, assessing

whether these characteristics lead to adverse carcinogenic effects

depends on factors such as the exposure concentration, immune

system integrity, and tissue-specific response variability (17, 98, 99)

(Chemical molecules may exhibit multiple characteristics depending

on factors such as the exposure route and the target organ. This

complexity underscores the need to consider the interrelationships

among KCCs and between KCCs and cancer hallmarks.

We examined chemicals previously evaluated for their potential to

cause cancer and found that although the evidence of carcinogenicity

varies in strength, they share similar KCCs. Our analysis r suggested

that receptor activation is a primary molecular event driving the

mechanisms supported by KCCs. Receptor binding plays a crucial

role in activating other KCCs, including electrophilicity, immune

response disruption, oxidative stress, and inflammation, highlighting

the connections between KCCs and their role in cancer initiation.

This complexity highlights the need to study the links between

KCCs and cancer hallmarks, investigating how chemical molecule
FIGURE 1

Intersection of Key Characteristics of Carcinogens (KCCs) and Cancer Hallmarks in a schematic depiction of critical events underlying cancer initiation
and progression. The committed step indicates the critical transition towards a full malignant phenotype (see ref #73). Created with Biorender.com.
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behavior aligns with hallmark responses (e.g., pathway analysis for

common downstream events, multi-omics and spatial data analysis

combined with phenotypic activity). The OECD Integrated Approach

for Testing and Assessment (IATA) for non-genotoxic carcinogens

integrates multiple sources of information and data to assess the

carcinogenic potential of a substance and incorporates cancer

hallmarks as part of the evaluation process of chemical substances

(98, 99). It is rooted in the Adverse Outcome Pathway (AOP)

framework, to use key events and molecular pathways in

carcinogenesis to pinpoint chemical targets crucial for sustaining

cancer progression (98, 99). From this perspective, KCCs appear to

be associated with early events that manifest at the molecular or cellular

level, but do not involve processes more directly linked to cellular

transformation towards malignancy, such as dedifferentiation or

transdifferentiation, and the plasticity stemming from cytoskeletal

rearrangement to epithelial-mesenchymal transition (Figure 1).
11 Perspective

While KCCs may relate to a chemical’s potential to initiate the

carcinogenesis process, they do not encompass the cellular context’s

ability to adapt, show resilience, or mount defense mechanisms.

Examining the transition from adaptive to potentially harmful

responses could offer further clarity in assessing carcinogenic risks.

To ensure the accuracy of testing, it is important to incorporate

the ability to identify malignancy (81, 100). For instance,

microenvironment changes can help identify the early influences

of carcinogens in promoting tumorigenesis (81, 101, 102) and serve

as biological markers of chemical exposure (103). This ensures a

comprehensive evaluation that not only identifies the initial stages

of carcinogenesis, but also captures the ultimate endpoint of

malignancy, providing a system toxicology-oriented and more

holistic understanding of the carcinogenic potential of the tested

chemicals. This aligns with the Carcinogenicity Health Effects

Innovation Program’s goal (104), part of the new NIEHS FY

2025-2029 Strategic Plan, of creating a deeper understanding of

the mechanisms through which environmental exposures affect

biological processes leading to cancer disease (104).

The cancer hallmarks have greatly improved our knowledge of

the mechanisms underlying cancer. However, toxicologists require

a comprehensive framework that not only identifies carcinogenic

agents using the KCCs, but also incorporates the intricate principles

of cancer hallmarks. This integration is crucial for creating a robust

methodology that can proactively detect potential carcinogens.

Targeted identification of prevalent carcinogenic toxins can be

facilitated by integrating the KCC concept with hallmark-based

mechanisms, thereby enabling the development of zone-specific

prevention tactics. This methodology paves the way for precision

toxicology utilizing modern technologies, including artificial

intelligence, to screen segregated zones using an integrated

framework composed of the KCCs and cancer hallmarks.

As our spatial-temporal comprehension of cancer deepens with the

advent of sophisticated tools andmethodologies, there is an opportunity

to expand the existing and evolving hallmarks of cancer development

and carcinogenesis. This enriches our conceptual model of disease and
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disease transition starting from pre-disease states. Toxicologists must

integrate emerging hallmarks into a comprehensive set of key features,

including the existing KCCs, to evaluate routine exposure to potential

toxins and mitigate the global health impacts of cancer. Collaboration

between KCCs and cancer hallmark communities and the development

of a next-generation framework formethods such asNAMs and human

exposure -based mechanistic biomarkers are vital for toxicology and

cancer research. It is essential to advance cancer prevention strategies,

precision environmental health, and align research with the regulatory

requirements and global public health needs.
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