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Cancer and Chemicals: A long History

James E. Klaunig, Chemical Carcinogenesis, In Casarett and Doull’s Toxicology, 7th and 8th Ed



Important Definitions

Regulatory Definition of a Carcinogen

Carcinogen is an agent that can cause statistically 
significant increase in incidence of neoplasia in a 
previously untreated animal as compared to 
incidence in an untreated control animal



Classification

di-2-ethylhexyl phthalate (DEHP)

Diethylnitrosamine (DEN)



Multistage Carcinogenesis Theory

• Chemicals that 
covalently bind to 
DNA and cause 
adducts and 
induce mutations

• PAH, nitrosamines, 
UV lights

• Chemicals that 
induce selective 
clonal growth of 
initiated cells

• Phenobarbital

• Chemicals that 
induce final 
conversion of non-
neoplastic clonally 
expanded cells in 
to tumors

• Ethylnitrosourea
(ENU)



Initiation

• DNA binding and formation adducts leading to mutations 

• The initiating event has to be “fixed”

• Initiation itself is not sufficient for tumor formation

• Fates of initiated cell
– Remain static 

– Die (apoptosis)

– Proliferates (most dangerous)

• Exceptions- repeated high dose exposures to genotoxic carcinogens can 
produce tumors



Promotion

• Chemicals induce a selective clonal expansion of the 
initiated cells

• They are NOT mutagenic

• Requires long term repeated exposure

• Can be reversible

• Had a definite threshold

• Are tissue specific



Progression
• The final process of converting non-neoplastic clonally expanded 

cells into neoplastic malignant cells (tumor formation)

• Additional mutagenic event occur 

– Karyotype changes

– Chromosomal aberrations

– Epigenetic changes

• Progression agents are complete carcinogens and generally 
clastogens as well as chemicals that induce epigenetic changes

• Progression can be spontaneous (may not require a chemical)



Tumor Promotion by Alcohol

Mercer…Ronis Cancer Prev Res 2014



Bile Acids as Tumor Promoters

Sun…Apte et al. Am J Physiol 2016 



Moolgavkar-Venzon-Knudson (MVK) Model

• A mathematical model to estimate human 
cancer risk based on the multistage 
carcinogenesis theory



Mechanisms of Action of Genotoxic 
Chemical Carcinogens

• Direct acting (activation independent)

– Do not require metabolic activation

• Indirect acting 

– Require metabolic activation



Direct Acting Genotoxic Carcinogens

Test positive in Ames test without 
addition of S9 fraction



Indirect Acting Chemical Carcinogens

James A. Miller
Elizabeth “Betty” Miller

Procarcinogen Proximate 
Carcinogen

Ultimate 
Carcinogen



DNA is Highly Susceptible to Electrophiles

Most common carcinogen adducts

• N7 and O6 of Guanine

• N3 and N1 of Adenine

Electrophiles can attack DNA forming adducts, which are ‘fixed’ due to cell cycle 
progression leading to mutations



Adducts and Their Preferences



Oxidative DNA Damage

• Hydroxylation of DNA 
bases induced by free 
radicals

• Commonly found in cells

• 8-hydroguaine is the most 
common

• Can be easily repaired



Carcinogen-DNA Adducts and Cancer

• Adduct formation does not guarantee cancer 
pathogenesis (many other steps)

• Adducts formation does not always correlate to 
cancer (trans-4-aminostilbene example)

• Adducts can be useful to connect carcinogen 
exposure in epidemiology studies (Aflatoxin B1 in HCC 
patients, PAH adducts in smokers)



Non-Genotoxic Carcinogens

• Do not interact with 
DNA, do not produce 
adducts

• High repeated 
exposure

• Target sites are tissues 
with high background 
incidence



PPARa and Chemical Carcinogenesis

• Rodent specific mechanism with less to no relevance to humans

– Humans have 10-fold lower PPARa

– Agonists are species specific



Receptor-mediated Carcinogenesis: CAR 
and Phenobarbital



AH Receptor and Cancer

• TCDD, PCBs and PAHs



Hormonal Carcinogenesis

• Thyroid hormone (TR)

• Estrogen (ER)

• Estrogen mimetics

– Bisphenol A(?)

– Tamoxifen

– DES

– Phytoestrogens (Genistein etc.)



Carcinogens can induce enzyme that activate them 
via nuclear receptors

• P450 enzymes that produce the ultimate carcinogen are 
induced by carcinogens (generally via a nuclear receptor)

– Benzo[a]pyrene -- CYP1A1 and 1A2 -- AhR

– Alcohol-- CYP2E1 – b-catenin

– Phenobarbital-- CYP2B-- PXR

– 17b-estradiol-- CYP3A-- PXR

– DEHP-- CYP4A-- PPARa

– Chemicals also induce conjugation enzymes to balance the 
bioactivation process

BaP AhR Cyp1A1/2

BaP-EpoxideCancer



Cytotoxicity as a Mechanisms of 
Carcinogenesis

• Cell death-regeneration cycles

– Chloroform, CCl4, Melamine, and many more

– Produces liver tumors only at doses that can cause liver 
necrosis

• Spontaneous mutations are selected

Chloroform
CYP2E1

Phosgene
Liver 

Necrosis
Regenerative 
Hyperplasia

Tumor 
Development



Inhibition of gap Junctions resulting in 
disruption of inter-cellular communication

• Phenobarbital

• Pthalates

• Dieldrin

• Phorbol esters



Example of species, age and sex specific 
carcinogenesis: a2u-Globulin Binding Agents

• a2u-Glubulin is synthesized by 
mature male rat in the liver, 
filtered in kidney and is partially 
(~50%) reabsorbed in P2 
segment of proximal tubules

• Chemicals that bind to this 
protein induce lysosomal 
changes and cell necrosis leading 
to kidney tumors



Epigenetic Mechanisms of Carcinogenesis: 
DNA Methylation

• DNA undergoes 
methylation after 
replication 

• DNA methylation can 
turn genes off (de-
methylation turns on)

• Chemicals that deplete 
choline can lead to 
hypomethylation of 
oncogenes such as c-
myc (e.g. 
diethanolamine)



Reactive Oxygen Species and Carcinogenesis

• ROS producing chemicals promote carcinogenesis

• Alcohol, metals, radiation, P450 inducers

b-Catenin, Nrf2 and more



Reorganizing Mechanistic Framework: Adverse Outcome 
Pathways

• An AOP consists of a molecular initiating event (MIE), key events (KEs), 
key event relationships (KERs), and an adverse outcome (AO) 

Figure 2. Schematic adverse outcome pathway 
(AOP) framework. (A) The AOP consist of a 
molecular initiating event (MIE), key event (KE), key 
event relationship (KER), and an adverse outcome 
(AO). Arrows indicate KERs and a dotted arrow is 
the naKER, that is, the non-adjacent (indirect) KER. 
Basically, a KER is the relationship between the two 
adjacent KEs, but the relationship between non-
adjacent KEs is also possible. One AOP has one MIE 
and AO, and there is no limit to the number of KE 
and KER. (B) Since each component of an AOP 
exists independently, even different AOPs can 
contain the same component. Arrows also mean 
KER and the indication is omitted for convenience. 

Kang et al. Journal of Cancer Prevention 2018



Molecular Mechanisms of Chemical 
Carcinogenesis: Summary

• Genotoxic vs non-genotoxic: fundamental differences

• Multistage theory: framework that explains multiple mechanisms 
that work together

• Direct acting vs indirect acting carcinogens: role of metabolic 
activation

• Nuclear receptors are critical in chemical carcinogenesis

• Other common mechanisms: cytotoxicity, ROS, epigenetics

• Challenges: Human relevance, integrating new ‘omics’ data



Questions?

uapte@kumc.edu


