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with sufficient or limited evidence in humans when evaluating concordance with animal tumour sites with sufficient
evidence, there are only two Group-1 agents with /imited, but not sufficient, evidence of carcinogenicity in humans.

Effects of Sex, Strain, and Route of Administration. The last column in Table 3 provides details on animal studies relevant
to the evaluation of the agent of interest, including the sex and strain of the test animals, and the route of
administration of the test agent. Although this information has been recorded where available, it is difficult to examine
concordance with respect to these important factors for a variety of reasons.

Since many epidemiological studies are based on predominantly male occupational cohorts, men tend to be over-
represented in the human studies on Group-1 agents. Other agents, such as hormonal oral contraceptives, are
evaluated only in females. Certain lesions, notably breast cancer and prostate cancer, are largely sex-specific. Also,
some animal experiments use only one sex, while others do not specify whether males or females —or both — were used.
For these reasons, separate analyses of species concordance across the spectrum of Group-1 agents are difficult to
conduct. Separate concordance analyses by strain are also difficult because of the sparseness of studies on specific
strains of experimental animals. Indeed, in many cases information on strain is unavailable, precluding the possibility of
strain-specific analyses.

Human exposure to carcinogens can occur by oral ingestion, inhalation, dermal absorption, as well as via other routes
such as injection of pharmaceutical agents for therapeutic purposes. Animal experiments may involve other routes of
exposure, such as intraperitoneal injection or intra-tracheal instillation. In many cases, the route of exposure used in
animal experiments may not correspond to the predominant route by which humans are exposed — in such cases, the
dose of the reactive metabolite reaching critical target tissues may be quite different, depending on the route of
administration. Differences in route of exposure between animals and humans could thus contribute to lack of
concordance between tumour sites observed in animals and humans. However, since data on cancer outcomes for a
given route of exposure are not available across the set of Group-1 agents, a systematic evaluation of concordance for
specific exposure routes is not possible.

Species-specific Tumour-site Profiles. Prior to conducting the concordance analyses, we examined the organ distribution
of the tumours caused by the 111 distinct Group-1 carcinogens identified by the IARC to date, in both humans and
animal species. These distributions are of value in demonstrating the spectrum of tumours caused by these agents in
different species, including the identification of the most common tumours caused in humans. Human tumours caused
by the 11 biological agents reported in Volume 100B were included in these distributions, in order that these results
reflect the tumours caused by all 111 distinct Group-1 carcinogens considered here.

Organization of Concordance Analyses. Analytical results will be presented first for the 39 tumour sites, and then for the
15 organ systems: as the present database involves only a moderate number of agents with comparable data in animals
and humans, results aggregated by organ system may be expected to be more stable.

Results

The concordance data set assembled by Grosse et al. (this Volume) summarized in Table 1 includes 111 distinct Group-1
agents identified in the IARC Monographs up to and including Volume 109. Ten of these 111 agents were placed in
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Group-1 in the absence of sufficient evidence of carcinogenicity in humans (Table 4). These determinations were made
on the basis of mechanistic upgrades according to the evaluation criteria outlined in the Preamble to the IARC
Monographs. Benzo(a)pyrene (BaP), for example, was placed in Group-1 on the basis of epidemiological data on
exposure to mixtures of PAHs containing BaP that provided sufficient evidence for lung or skin cancer in humans,
coupled with extensive mechanistic data on BaP, suggesting that the mechanisms by which BaP causes tumours in
animals would also be expected to operate in humans: no data in humans on BaP alone were available for evaluation
(IARC, 2010). An important aspect of such mechanistic upgrades for purposes of the present analysis is the general lack
of identification of a human tumour site: of the ten agents placed in Group-1 on the basis of a mechanistic upgrade,
tumour sites in humans were specified only for phenacetin, which was determined to cause tumours of the renal pelvis
and ureter, based on results of the evaluation of phenacetin as the active ingredient in analgesic mixtures.

Of the ten agents in Table 4 placed in Group-1 on the basis of mechanistic upgrades, all but one —etoposide —
demonstrated sufficient evidence of carcinogenicity in animals. In the assignment of etoposide to Group-1 in the
absence of sufficient evidence in animals, the Monograph noted the limited evidence of carcinogenicity in humans on the
basis of the induction of acute myeloid leukaemias with distinctive chromosomal translocations by drugs, including
etoposide, that target topoisomerase Il. One agent (phenacetin as present in an analgesic preparation, mentioned
above) demonstrated sufficient evidence of carcinogenicity in humans, three showed limited evidence in humans, and
four had inadequate evidence in humans; no epidemiological data were available for two agents (BaP and PeCDF).

Apart from the nine Group-1 mechanistic upgrades for which no human tumour sites were identified, there are four
other agents for which the same is true (Table 5): ionizing radiation (all types); internalized radionuclides that emit
alpha-particles; internalized radionuclides that emit beta-particles; and UV radiation (bandwidth 100-400 nm,
encompassing UVC, UVB and UVA). These were generic evaluations across a range of agents falling in these categories.
In addition, no human tumour site was specified for the lifestyle agents, areca nut and ethanol in alcoholic beverages, as
no epidemiological data were available for areca nut alone or for ethanol in alcoholic beverages alone (Grosse et al., this
Volume).

No animal tumour sites were identified for 38 of the 111 agents considered here (Table 6). These included 20 agents
with inadequate evidence in animals: seven agents representing occupational exposures that would be difficult to
replicate in the laboratory; two pharmaceutical agents used in combination for which no animal data were available on
the mixture; seven biological agents (all viruses) for which the selection of an appropriate animal model was
problematic; two agents, etoposide and wood dust, for which the available animal tests were considered inadequate;
and two agents, treosulfan and leather dust, for which no animal data were available. Although the latter two agents,
lacking any animal test data, clearly do not permit an evaluation of concordance between animals and humans, the two
agents for which inadequate animal data were available — etoposide and wood dust — warrant further discussion in
order to distinguish between the case in which well-conducted animal studies have failed to demonstrate
carcinogenicity, or the case in which the animal data are largely uninformative because of inadequate testing.

IARC Monographs 76 (1ARC 2000) and 100A (IARC 2012a) noted that etoposide was tested in only one experiment with
wild-type and heterozygous NfI1 (neurofibromatosis type 1 gene) knock-out mice treated by gastric intubation for six
weeks with etoposide at 100 mg/kg body weight/week (Mahgoub et al., 1999). This single short-duration study was
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judged as providing inadequate evidence of carcinogenicity in animals. The available studies with wood dust originally
considered in IARC Monograph 62 (1IARC 1995) did not show significant carcinogenic or co-carcinogenic potential of
beech wood dust, although these studies were subject to a number of limitations as well as inadequacies in data
reporting. Upon re-evaluation of wood dust in Monograph 100C (1ARC 2012c) it was concluded that most of the studies
conducted with wood dust (nearly all with beech wood dust) had small numbers of animals or were of short duration,
thus providing inadequate evidence of carcinogenicity in animals. These considerations suggest that neither etoposide
nor wood dust have been subject to adequate animal testing, therefore precluding a determination of their carcinogenic
potential in animals.

Ten agents, including six pharmaceutical products (busulfan; chlornaphazine; cyclosporine; combined estrogen-
progestogen menopausal therapy; methyl-CCNE; and analgesic mixtures containing phenacetin), three biological agents
(infection with Clonorchis sinensis, Oposthorchis viverrini, and Schistosoma haematobium), and one chemical agent

(sulfur mustard) provided limited, but not sufficient, evidence of carcinogenicity in animals. As mentioned above, animal
tumour sites are not specified for agents demonstrating only limited evidence of carcinogenicity in animals.

The reasons that these agents were judged as providing only /limited evidence of carcinogenicity in animals varied.
Treatment with busulfan, for example, resulted in a significant increase in the incidence of thymic and ovarian tumours
in BALB/c mice, which was found difficult to interpret, while in another study busulfan, when given to rats during
gestation, affected the incidence of uterine adenocarcinomas in the offspring upon intra-uterine treatment with N-ethyl-
N’-nitro-N-nitrosoguanidine (IARC, 2012a). As a second example, sulfur mustard significantly increased the incidence of
lung tumours (not otherwise specified) in mice following inhalation exposure for 15 minutes, and of pulmonary tumours
(not otherwise specified) in mice following intravenous injection; a significant increase in the incidence of mammary
tumours was seen following subcutaneous injection of sulfur mustard in rats, relative to an external control group, while
fore-stomach tumours were numerically, but not significantly, elevated in rats treated by oral gavage (IARC, 2012f). The
exposure by subcutaneous and intravascular injection was considered to be of limited relevance to the most common
human routes of exposure. Although not meeting the stringent criterion for sufficient evidence of carcinogenicity in
animals, the limited evidence provided by busulfan, as well as by the other six agents with only limited evidence of
carcinogenicity in animals, does suggests that these agents have the potential to cause cancer in animals.

No tumour sites were specified for eight agents demonstrating sufficient evidence of carcinogenicity in animals, as
reproducible results were unavailable in two or more studies of adequate design in the same species for any of these
agents. Although melphalan showed evidence of a statistically significant increase in the incidence of tumours of the
forestomach, skin and lung in mice, as well as lymphosarcoma, these results were not replicated in two or more
independent studies (IARC, 2012f). In the rat, melphalan also produced mammary gland tumours and peritoneal
sarcoma, but these findings were again not replicated in independent studies. Phosphorous-32 caused leukaemia in
mice and osteogenic sarcomas in rats in single studies. Similarly, acetaldehyde in drinking-water induced pancreatic
adenomas, combined lymphomas and leukaemias, uterine and mammary gland adenocarcinomas, and head
osteosarcomas in the rat, but without replication. Betel quid with tobacco produced malignant forestomach and cheek
pouch tumours in a single study in hamsters. Sufficient evidence of the carcinogenicity of aluminium refining in animals
was based on a single limited mouse skin-tumour study with PAH-containing particulates from aluminium-production

EPAHQ_0000292



July 12, 2016 Concordance between Animal and Human Tumours Page 8 of 58

plants, in conjunction with sufficient evidence of carcinogenicity in experimental animals for many of the PAHs detected
in air samples from such plants and previously evaluated in IARC Monograph Volume 92 (IARC, 2010). Had this animal
evidence been eligible for inclusion in the tumour site concordance database, additional concordant results would have
been noted, including concordance between lymphoid and haematopoietic tissues in mice and humans for both
melphalan and phosphorous-32, and concordance between tumours of the upper aero-digestive tract in hamsters and
humans for betel quid with tobacco.

While 2,3,4,7,8-pentachlorodibenzofuran (PeCDF) provided sufficient evidence of carcinogenicity in animals, no animal
site was identified. PeCDF was tested by the U.S. National Toxicology Program in a two-year animal bioassay (female
rats only) with exposure by oral gavage (NTP, 2006). There was some evidence of carcinogenic activity of PeCDF, based
on increased incidences of hepatocellular adenoma and cholangiocarcinoma of the liver and gingival squamous cell
carcinoma of the oral mucosa. Occurrences of cystic keratinizing epithelioma of the lung, neoplasms of the pancreatic
acinus, and carcinoma of the uterus may have been related to administration of PeCDF. There were also three rat
studies of PeCDF in combination with MNNG and NDEA, where increased tumour multiplicity was observed in each case
(Vol 100F; IARC, 2012f). These observations led to the conclusion that there is sufficient evidence for the carcinogenicity
of PeCDF in animals, although there is no specific organ site that can be designated as responsible for this sufficient
evidence. Because of the absence of a specific tumour site in animals, PeCDF is not included in the concordance
analyses.

A component of four Group-1 agents, but not the agent itself, demonstrated sufficient evidence of carcinogenicity in
animals. These are: fission products including Sr-90, where strontium-90 demonstrated sufficient evidence of
carcinogenicity in animals (Vol 100D, pg 297; IARC, 2012d); haematite mining with exposure to radon (underground),
where radon demonstrated sufficient evidence of carcinogenicity in animals (Vol 100D, pg 274; IARC, 2012d);
acetaldehyde associated with consumption of alcoholic beverages, where acetaldehyde demonstrated sufficient
evidence of carcinogenicity in animals (Vol 100E, pg 472; IARC, 2012e); and occupational exposures during aluminium
production, where airborne particulate polynuclear organic matter from aluminium-production plants demonstrated
sufficient evidence of carcinogenicity in animals (Vol 100F, pg 221; IARC, 2012f). While this animal evidence is consistent
with the sufficient evidence for the carcinogenicity of these four agents in humans, the animal evidence represents only
a component of these agents.

Excluding the 20 agents in Table 5 lacking appropriate animal data, i.e. seven occupational exposures not reproducible in
the laboratory, two agents used in combination with no animal data available on the mixture, seven agents where the
use of animal models is problematic due to species-specificity or other limitations, and four agents for which animal
tests were inadequate (2 agents) or unavailable (2 agents), all 91 distinct Group-1 agents identified by the IARC through
Volume 109 of the IARC Monographs provided either sufficient evidence (82 agents) or limited evidence (9 agents) of
carcinogenicity in animals. This observation provides support for the use of animal data in human cancer risk

assessment.

In order to further explore the correspondence between sites where tumours are seen in animals and humans among
the 111 distinct Group-1 agents considered here, we present descriptive statistics on tumour-site profiles by species,
followed by an evaluation of concordance between tumour sites seen in animals and humans. Results are presented
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first for the 39 tumour sites included in the anatomically based tumour nomenclature system seen in either animals or
humans, followed by the 15 organ and tissue systems.

Tumour-site Profiles by Species. The number of agents inducing tumours in humans at each of the 39 tumour sites is
shown in Figure 1 by type of agent (pharmaceuticals; biological agents; arsenic, metals, fibres, and dusts; radiation;
personal habits and indoor combustions; and chemical agents and related occupations). Lung tumours represent the
most common tumour seen in humans, with 28 of the 111 known human carcinogens inducing lesions at this site; of
these, thirteen are associated with exposure to chemical agents and related occupations, and seven are in the category
of arsenic, metals, fibres, and dusts. Tumours of the haematopoietic tissues are associated with exposure to 18 agents,
urothelial tumours with 18, skin tumours with 12, and liver and bile duct tumours with 11 agents; chemicals and related
occupations account for the largest number of agents causing these lesions. This category also accounts for half (9/18) of
the urinary tract/urothelial tumours, with pharmaceuticals accounting for half (9/18) of the tumours in haematopoietic
tissues.

The number of agents inducing tumours in one or more animal species at each of the 39 tumour sites is shown in Figure
2 by type of agent. As in humans, lung tumours are the most frequent in animals, i.e. caused by 29 of the 111 known
human carcinogens, with the categories of chemicals (10), arsenic, metals, fibres, and dusts (7), and radiation (7)
accounting for the majority. After the lung, the animal sites associated with the largest number of agents are the skin
and adnexae (18 agents), liver parenchyma and bile ducts (19), lymphoid tissue (14), soft connective tissue (11) and
breast (11). Separate tumour profiles are shown for agents causing tumours in mice (62 agents) and rats (64 agents) in
Figures 3 and 4, respectively. In rodents (mice and rats combined), the lung is the site associated with the largest
number of carcinogens.

Organ- and Tissue-Site Profiles by Species. The number of agents inducing tumours in humans in each of the 15
aggregate organ and tissue systems is shown in Figure 5 by type of agent. Tumours of the upper aero-digestive tract and
respiratory system are caused by 47 of the 111 human carcinogens, comprised mostly of chemicals agents and related
occupations (16), arsenic, metals, fibres, and dusts (10), and personal habits and indoor combustions (12). After the
upper aero-digestive tract and respiratory system, the organ systems associated with the largest number of agents are
the lymphoid and haematopoietic systems (26 agents), the skin and connective tissues (22), and the urothelium (18).
The category chemical agents and related occupations represents the largest group of carcinogens associated with
tumours of the urothelium (9 of 17), while pharmaceuticals represents the largest group of agents associated with
tumours of the lymphoid and haematopoietic systems (11 of 26). Radiation represents the largest group of agents
associated with tumours of the skin and connective tissues (8 of 22).

The number of agents inducing tumours in one or more animal species at each of the 15 organ systems is given in Figure
6 by type of agent. Tumours of the upper aero-digestive tract and respiratory system are caused by 41 of the 111 agents
under study, with chemical agents and related occupations (15 agents), personal habits and indoor combustions (10),
and arsenic, metals, fibres, and dusts (8), and radiation (7) accounting for almost all of these 41 agents. Skin and
connective tissue tumours are caused by 35 agents, comprising mostly chemicals (17) and radiation (11). Tumours of the
lymphoid and haematopoietic systems are caused by 14 agents, with pharmaceuticals (5) and chemicals (5) accounting
for the majority of these.
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In mice (Figure 7), tumours of the skin and connective tissues are caused by 30 agents, comprised mostly of tumours
caused by chemicals (15) and radiation (10). In rats (Figure 8), tumours of the upper aero-digestive tract and respiratory
system are caused by 29 agents, including chemicals (10), arsenic, metals, fibres, and dusts (7), radiation (6), and
personal habits and indoor combustions (6).

Qualitative assessment of concordance

Of the 111 distinct Group-1 agents identified through Volume 109, there are 60 for which both a human tumour site and
an animal tumour site have been identified. Of the 111 Group-1 agents in Table 1, 15 had no human tumour site
specified (Table 5) and 38 agents had no animal tumour site identified (Table 6). With two agents—aristolochic acid, and
plants containing aristolochic acid — having neither a human nor an animal tumour site specified, there are 111 -15-38
+ 2 = 60 agents with at least one tumour site identified in both humans and animals. These 60 agents may be used to
evaluate concordance between tumour sites seen in animals and humans, as at least one tumour site has been
identified in both.

The overlap between human and animal tumour sites targeted by these 60 agents is summarized in Table 7 by organ and
tissue system/tumour site. The category ‘other groupings’ of tumours — which comprises all cancers combined, all solid
cancers, and exocrine glands (NOS) — was created to accommodate tumour sites reported in the JARC Monographs that
did not fall into any of the other categories in Table 2. Because this category lacks biological cohesiveness, ‘other
groupings’ of tumours were not considered in the concordance analysis.

Nine agents cause tumours in the upper aero-digestive tract in humans, and nine agents demonstrate tumours in this
organ and tissue system in animals; four agents demonstrate tumours in this system in both humans and animals. There
are 9+9-4=14 distinct agents that demonstrate tumours in this system in either humans or animals, for an overlap of
4/14, or 28.6%. Within the upper aero-digestive tract, there are three agents that demonstrate tumours in the nasal
cavity and paranasal sinuses in humans and three agents that demonstrate tumours at this site in animals, with no
overlap. Of the three agents inducing tumours in the nasopharynx, one agent caused tumours in both humans and
animals, for an overlap of 33.3%. In the oral cavity, overlap is 25%. Overlap is not calculated when there are no agents
demonstrating tumours in either humans or animals, as in the pharynx, tongue, and salivary gland.

The lung is the most common site at which tumours are observed, with 61.5% overlap among the 26 agents causing lung
tumours in humans or animals. Among the 10 agents causing tumours in the urothelium (renal pelvis, ureter or urinary
bladder), there is 70% overlap between agents causing tumours in humans or animals.

As results for individual tumour sites are often based on small numbers, emphasis is placed on interpretation of results
at the organ and tissue system level where the sample size is generally larger than for individual tumour sites within
organ and tissue systems. Overlap varies among the organ and tissue systems, ranging from 20% (based on 10 agents)
in the digestive tract to 100% in the mesothelium. Overall, high overlap is seen for some organ and tissue systems, but
not for others. Some caution is needed in interpreting concordance at sites where the sample size is particularly small:
although 100% concordance was noted for agents causing tumours of mesothelium, only two Group-1 agents — asbestos
and erionite - meeting the criteria for inclusion in the concordance analysis caused tumours at this site.
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The results in Table 7 are depicted in graphical form in Figure 9. Of the 14 Group-1 agents causing tumours of the upper
aero-digestive tract in either humans or animals, nine cause tumours in the upper aero-digestive tract in humans, 22
cause upper aero-digestive tract tumours in animals, and 16 agents cause such tumours in both humans and animals, for
an overlap of 28.6%. Of the 27 agents causing tumours of the respiratory system in either humans or animals, 21 cause
respiratory tumours in humans, 22 cause respiratory tumours in animals, and 16 agents cause respiratory tumours in
both humans and animals, for an overlap of 59.3%. While presenting the same data as shown in Table 7, the graphical
representations of these results in Figure 9 for all organ and tissue systems also illustrate the large variation in sample
size among the organ/tissue systems, with the area of the circles being proportional to sample size.

The results presented in Table 7 are based on concordance between tumour sites seen in humans and all animal species,
reflecting our interest in evaluating the extent to which tumours caused by Group-1 agents occur in similar organs or
organ systems in humans and animals. The animal data included in this analysis are dominated by results obtained in
studies with rats and mice: of the 60 Group-1 agents included in the analysis, 40, 38, 8, 7, and 3 agents demonstrated
tumours in mice, rats, hamsters, dogs, and monkeys, respectively. As a consequence, including only mice and rats in the
analysis yielded results similar to those in Table 7 (see details in Supplemental Material Il, where Supplemental Table 6
presents results for all animals and Supplemental Table 7 presents results for mice and rats only).

Figure 10 shows the percentage of Group-1 agents causing tumours in specific organ and tissue systems in humans that
are also associated with tumours in animals (Panel A), as well as the percentage of agents causing tumours in specific
organ and tissue systems in animals that are also associated with tumours in humans (Panel B).

As detailed in Supplemental Material i, it is important to note that the measures of concordance presented in Figure 10
differ from those in Table 7. The percentage overlap in Table 7 (and Figure 9) reflects the number of agents causing
tumours in a specific organ/tissue system in both humans and animals, relative to the number of agents causing tumours
in that system in either humans or animals, providing an overall measure of overlap between animal and human
carcinogens in a specific organ/tissue system. The percentage overlap in Panel A of Figure 10 provides a measure of the
overlap between agents causing tumours in a specific organ/tissue system in animals with agents causing tumours in
that system in humans. Conversely, the percentage overlap in Panel B of Figure 10 provides a measure of the overlap
between agents causing tumours in a specific organ/tissue system in humans with agents causing tumours in that
system in animals. Note that unless the numbers of agents causing tumours in humans and animals in a specific
organ/tissue system are the same (as is the case for tumours of the upper aero-digestive tract), the results in Panel A,
where human Group-1 agents constitute the reference set against which animal Group-1 agents are compared, will
differ from those in Panel B, where animal Group-1 agents constitute the reference set for comparison with human
Group-1 agents.

As indicated in Panel A of Figure 10, all agents (100%) causing tumours of the mesothelium, endocrine system, and
connective tissues also cause tumours in those organ and tissue systems in animals. Overlap of at least 50% is observed
for all other organ and tissue systems, with the exception of the upper aero-digestive tract (44%) and the digestive tract
(33%). Conversely, there is less overlap between agents causing tumours in specific organ and tissue systems in animals
with results in humans (Figure 10, panel B}, possibly reflecting either a greater spectrum of tissue sites expressed in
animal studies than in human studies, or the greater number of studies conducted in animals as compared to humans.
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As is the case with the concordance results focusing on overall overlap presented in Table 7, caution is required when
interpreting results where there are few agents for comparison in Figure 10 (both Panels A and B).

The 60 agents included in the present concordance analysis are listed in Table 8 in boldface type. This table presents the
tumour site data for humans and animals at the organ and tissue system level only, as results for individual tumour sites
are too sparse to support meaningful comparisons of this type. The human data are presented in the column on the left,
the animal data in the column on the right, and overlap in the middle column. Using this display, potential relationships
among agents causing tumours within the same organ/tissue system can be examined. Overlap between human and
animal carcinogens acting within the same organ and tissue system can also be examined both for individual agents and
for groups of agents.

In order to permit a more complete comparison between animal and human tumour sites, tumour sites with only limited
evidence in humans are included in Table 8 in light grey font. For agents such as diethylstilbestrol (a synthetic non-
steroidal estrogen widely used in the US between the 1940s and 1970s, but now rarely used), there is difficulty in
generating newer data regarding human exposure. Because men exposed to diethylstilbestrol in utero have passed the
age of highest risk for testicular cancer, further study cannot clarify the association between this exposure and testicular
cancer (Vol 100A; 1ARC, 2012a). Human data for this agent will remain limited for this endpoint, although supported by
the induction of testicular tumours in rodents.

With ongoing studies, more evidence can be gathered that provides increasing certainty about potential human cancer
risks. Although 1ARC had previously evaluated trichloroethylene (TCE) in 1979, 1987, and 1995, this substance was not
declared to be carcinogenic to humans — causing kidney cancer — until 2012 due to the emergence of new data (Vol 106;
1ARC, 2014). Although it was noted that a positive association had been observed between liver cancer and exposure to
TCE, the lack of data was cited as the rationale for its designation as having only limited evidence of carcinogenicity in
humans in the previous evaluations. In 2013, an updated pooled analysis of three Nordic studies with 10-15 years of
additional follow-up demonstrated that human exposure to TCE was associated with a possibly increased risk of liver
cancer (Hansen et al. 2013). Inclusion of the limited human data for TCE-induced liver cancer in humans allows for the
observation of overlap between animals and human for this endpoint.

This example illustrates that the inclusion of agents with limited evidence of carcinogenicity in humans enhances the
ability to identify concordance relationships. Comparisons between Table 7, which includes only sites with sufficient
evidence in humans, and Table 8, which includes sites with limited evidence in humans, illustrates increased coherence
among agents that have similar chemical and mechanistic characteristics when limited human data are considered.

There are also examples of increased site concordance if less stringent criteria are applied than are used by the IARC for
determining sufficient evidence of carcinogenicity. Although no human tumour site with sufficient evidence of
carcinogenicity in humans is identified for ethylene oxide, there is limited evidence of breast cancer and non-Hodgkin
lymphoma in humans (see Supplemental Table 2). In evaluating the available animal data on estrogen and progestogen
oral contraceptives (Vol 100A; IARC 2012a) it was concluded that ‘The data evaluated showed a consistent carcinogenic
effect of several estrogen-progestogen combinations across different animal models in several organs.” Similarly, the
synthesis statement in the evaluation of diethylstilbestrol notes:
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“The oral administration of diethylstibestrol induced tumors of the ovary, endometrium and
cervix, and mammary adenocarcinomas in female mice. Osteosarcomas and Leydig cell tumors
were induced in rasH2 and Xpa/p53 male mice, respectively. Subcutaneous implantation of
diethylstilbestrol induced mammary tumors in female Wistar rats. Perinatal exposure to
diethylstilbestrol induces lymphoma, uterine sarcomas, adenocarcinomas and pituitary,
vaginal, and ovarian tumours in female mice. Uterine adenocarcinomas and mammary and
vaginal tumors were also induced in female rats. In hamsters, diethylstilbestrol perinatal
exposure induced kidney tumour.” [Vol 100A; 1ARC, 2012a]

Agents affecting male reproductive organs are also included in Table 8, although they are not part of the concordance
analyses in Table 7 due to a lack of sufficient evidence in either humans or animals. TCDD (2,3,7,8-tetrachlorodibenzo-
para-dioxin) is included in Table 8, but its designation as an agent affecting ‘all cancers combined’ in humans precludes
site-specific tumour concordance analyses. These examples illustrate increased site concordance by applying less
stringent criteria than those applied for the concordance analysis presented in Table 7.

Table 8 shows human data indicating biological plausibility for the upper aero-digestive tract and lung to be targets for
agents for which the portal of entry is the lung (as with dusts, particles, and particles that serve as a vehicle for a mixture
of other carcinogens such as during tobacco smoking and coke production). Lympho-haematopoietic cancers are a
consistent endpoint for antineoplastic alkylating agents that induce these cancers after their use in chemotherapy for
the eradication of other neoplasms (Vol 100A; IARC, 2012a), radioactive materials (Vol 100D; IARC, 2012d), and a
number of chemical agents and related compounds that are metabolized to or are in themselves agents that are reactive
with DNA (Vol 100F; 1ARC, 2012f).

Table 8 also illustrates some of the potential relationships between agents that may act in a similar fashion in humans.
Tobacco smoke and its related agents (smokeless tobacco and second-hand tobacco smoke) affect a number of similar
organ/tissue systems. For radioactive materials, almost all organs/sites are affected by ionizing radiation: these agents
affect multiple target tissues because they are able to reach the nucleus and cause a variety of DNA lesions and other
effects reflected by the key characteristics of human carcinogens (Smith, this Volume; Krewski et al., this Volume; see
also Smith et al., 2016). Radioactive materials also do not require metabolism in order to induce cancer. Several dyes
are associated with urothelial cancer in humans and act through a similar mechanism (Vol 100F; IARC, 2012f). Agents
that disrupt the endocrine system and related organs (e.g., polychlorinated biphenyls, diethylstilbestrol, estrogen-only
menopausal therapy, estrogen-progestogen oral contraceptives (combined), and tamoxifen) induce cancer at similar
sites, including female reproductive organs and breast. Metals appear to have many target sites in common, including
the upper aero-digestive tract, respiratory system, kidney, and prostate.

As noted previously, the animal database is predominantly populated by results from studies in rodents. Respiratory
tract tumours are induced in rodents by many of the same agents that cause such tumours in humans. For the
mesothelium, a rare tumour in humans or animals and one specifically induced by a small number agents, there is good
agreement between the human and animal databases. Many agents metabolized in the liver to reactive compounds
induce liver cancer in animal models, with less apparent overlap with the human data (see digestive organs, Table 8).
Susceptibility of rodent liver to cancer induction is species-, sex-, and strain-specific, and varies widely. Nonetheless, all
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agents that induce liver cancer in rodents induce cancer at some other site in humans. In some instances the apparent
lack of overlap between animal and human databases can still reflect mechanistic concordance for similar agents. Dyes
such as magenta, 4-amino biphenyl, benzidine, 2-napthylamine all cause liver cancer in rodents and urothelial cancers in
humans. 2,3,7,8-Tetrachlorodibenzo-paradioxin and polychlorinated biphenyls are both associated with liver cancer in
rodents and lymphoid and haematopoietic tissue cancers in humans.

Human exposures to diethylstilbestrol, estrogen-only menopausal therapy, and combined estrogen-progestogen oral
contraceptives are all associated with cancers of the female breast, female reproductive organs and reproductive tract.
Kidney cancer is induced in male hamsters upon exposure to either diethylstilbestrol or estrogen-only menopausal
therapy. Estrogen-only data presented in the Monograph on combined estrogen-progestogen oral contraceptives
indicate a similar result (Vol 100A; IARC, 2012a). Although there appears to be concordance within species for the
tumours these agents induce, there does not appear to be overlap in rodent kidney and human female sites. However,
there may be mechanistic concordance between these two endpoints, as both diethylstilbestrol and estrogen may
damage DNA through oxidative damage, formation of unstable adducts, and induction of apurinic sites. In male Syrian
hamsters the major metabolites of diethylstilbestrol are catechols that easily oxidize to catechol o-quinones, which are
DNA-reactive. Implantation of estrone or estradiol in male hamsters results in the induction of renal carcinomas
exclusively (Li et al., 1983). Metabolic activation of estrogens by cytochrome P450 may also be related to a mechanism
similar to that for PAHs (Cavalieri and Rogan, 2014). Thus, diethylstilbestrol and estrogen may have mechanistic
similarities that result in an apparent lack of organ/tissue system overlap, with the hamster kidney being indicative of
human risk.

Discussion

Since the early 1970s, the Monographs Programme at the International Agency for Research on Cancer has been
evaluating potential cancer risks to humans (Saracci & Wild, 2015). Separate evaluations of the available animal and
human evidence are made, and then combined to make an overall evaluation of the strength of evidence for human
carcinogenicity. As of the time of this analysis, 118 distinct agents have met the 1ARC criteria for determining causality,
and designation of these agents as being in Group 1: Carcinogenic to humans, with 111 distinct Group-1 agents available
for inclusion in the data set of tumours and tumour sites in animals and humans developed by Grosse et al. (this
Volume).

The well-established weight-of-evidence criteria for the evaluation of the available human, animal, mechanistic, and
exposure data used by IARC are detailed in the Preamble to the IARC Monographs on the Evaluation of Carcinogenic
Risks to Humans (1ARC, 2006; see http://monographs.iarc.fr/ENG/Preamble/index.php) and provide clear guidance to

the Working Groups convened to review agents. Satisfying the criteria for sufficient evidence of carcinogenicity in both
animals and humans reasonably infers causality, which can be strengthened by mechanistic considerations. However,
an immediate challenge in making comparisons for tumour-site concordance between species was how to compare
animal and human tumours. A detailed historical discussion of approaches to the coding of human tumours is provided
by Muir & Percy (1991), considering the topographical, morphological, and histological characteristics of the lesion to be
classified. In the absence of a common coding system for animal and human tumours, an anatomically based tumour
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taxonomy system was developed during the course of this work. While this system worked well for the purposes of the
present concordance analysis, there are some animal sites that do not have a human counterpart, including the
Harderian and Zymbal glands; tumours at these unique sites occurred rarely, and were included within the category of
‘other groupings’ in the anatomically based tumour nomenclature system employed here. Other sites that are unique to
animals, but closely related to a similar human site, however, were aligned with the corresponding human tumour site:
the forestomach, for example, was considered as part of the stomach in our anatomically based tumour site
concordance system. This tool, developed for tumour comparisons across and within species, included 39 individual
tumour sites for which agents showed sufficient evidence of carcinogenicity in humans and/or animals, which were
further aggregated into 15 organ and tissue systems. This aggregation allows comparisons to be made at a higher level
of organization and a portal of entry that may reflect anatomical and physiological similarities, with, for example, the
lung and lower respiratory tract being considered together as the respiratory system. Aggregation also allows more data
to be considered for analyses, which increases the robustness of the ensuing conclusions. For our concordance analyses,
data at both the individual site level as well as at the organ system level were examined.

Although the present analysis demonstrates generally good agreement between animal and human tumour sites after
exposure to Group-1 carcinogens, concordance was not demonstrated with every agent and tumour site. There are
several factors and important limitations that may result in lack of tumour concordance based on these data. Relevant
and reliable data to support a complete analysis of concordance are unavailable for either animals or humans for many
of the 111 agents. Some agents, notably the human papillomaviruses, may not have been tested in relevant animal
models, thereby precluding the possibility of obtaining concordant results. There may also be little motivation for
conducting animal tests for other agents such as leather dust in occupational environments or acetaldehyde associated
with consumption of alcoholic beverages. Mixtures such as in combined estrogen-progesterone menopausal therapy
may also not have been evaluated in animals, particularly if the components of the mixture had been previously
evaluated separately. Relevant animal tests may still provide only limited or inadequate evidence of carcinogenicity
through limitations in study design or conduct, or if the mechanism of action of the agent of interest was specific to
human exposures and not easily replicated in an experimental animal model. Animal studies may also show tumours
that are species- and/or sex-specific.

As part of the determination of weight of evidence, agents that induce tumours at multiple sites and across multiple
species are considered to present a more robust cancer hazard to humans. However, the experimental animal database
used for our analysis consists primarily of rodent data. It is notable that of the 111 Group-1 agents examined here, three
agents caused tumours in humans and four animal species (mice, rats, hamsters and primates): asbestos, which causes
lung tumours in all five species; Pu-239, which causes skin tumours in these species; and 2-napthylamine, which causes
urinary tract/uroendothelial tumours in these same species. These agents represent examples of carcinogens that cause
the same type of tumour in multiple species, thereby demonstrating a high degree of inter-species tumour-site
concordance.

Our analyses exclude the 11 biological agents in Vol 1008, since, with the possible exception of the HTLV1 virus (human
T-cell lymphotropic virus type 1), the use of animals to assess the potential cancer risks of human viruses is problematic
(see Vol 100B, pp 41-42; IARC, 2012b). The best animal models for human viruses are non-human primates, which are
difficult to use experimentally both because of the time and expense involved in conducting experimental studies with
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