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Key Characteristics of Carcinogens as a Basis for Organizing Data on Mechanisms of

Carcinogenesis
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1) Background: A recent review by the International Agency for Research on Cancer
(TARC) updated the assessments of the > 100 agents classified as Group 1, carcinogenic
to humans (IARC Monographs Volume 100, parts A—F). This exercise was complicated
by the absence of a broadly accepted, systematic method for evaluating mechanistic data

to support conclusions regarding human hazard from exposure to carcinogens.
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2) Objectives and Methods: IARC therefore convened two workshops in which an
international Working Group of experts identified 10 key characteristics, one or more of

which are commonly exhibited by established human carcinogens.
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3) Discussion: These characteristics provide the basis for an objective approach to
identifying and organizing results from pertinent mechanistic studies. The 10
characteristics are the abilities of an agent to 1) act as an electrophile either directly or
after metabolic activation; 2) be genotoxic; 3) alter DNA repair or cause genomic
instability; 4) induce epigenetic alterations; 5) induce oxidative stress; 6) induce chronic
inflammation; 7) be immunosuppressive; 8) modulate receptor-mediated effects; 9) cause

immortalization; and 10) alter cell proliferation, cell death, or nutrient supply.
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4) Conclusion: We describe the use of the 10 key characteristics to conduct a systematic
literature search relevant end points and construct a graphical representation of the
identified mechanistic information. Next, we use benzene and polychlorinated biphenyls
as examples to illustrate how this approach may work in practice. The approach
described is similar in many respects to those currently being implemented by the U.S.
EPA’s Integrated Risk Information System Program and the U.S. National Toxicology

Program.
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5) Recently, the International Agency for Research on Cancer (IARC) completed a review
of all its Group 1 human carcinogens and updated information on tumor sites and
mechanisms of carcinogenesis (IARC Monograph Volume 100A-F)
(http://monographs.iarc.fr/ENG/Monographs/PDFs/index.php). About half of the agents
classified in Group 1 had been last reviewed > 25 years ago, before mechanistic studies
became prominent in evaluations of carcinogenicity. In addition, more recent studies
have demonstrated that many cancer hazards reported in earlier studies were later
observed to also cause cancer in other organs or through different exposure scenarios
(Cogliano et al. 2011).
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6) In compiling and updating the information for Volume 100A—F, two overarching issues
became apparent. First, no broadly accepted systematic method for identifying,
organizing, and summarizing mechanistic data for the purpose of decision making in
cancer hazard identification was readily available. Second, the agents documented and
listed as human carcinogens showed a number of characteristics that are shared among
many carcinogenic agents. Many human carcinogens act via multiple mechanisms
causing various biological changes in the multistage process of carcinogenesis. Indeed,
cancer was once described by reference to causative agents, with multistage development
of tumors being characterized through the impact of particular chemicals described as
initiators and promoters of cancer. Subsequently, multistage development of cancer was
identified with morphological change being correlated with genetic alterations. The more
recent description by Hanahan and Weinberg of hallmarks of cancer is predicated not on
morphology or the impact of carcinogens, but on changes in gene expression and cell
signaling (Hanahan and Weinberg 2011). These hallmarks are the properties of cancer
cells and neoplasms, and are not characteristic of the agents that cause cancer. Tumors
attributable to chemical carcinogens may be distinct by mutational analysis (Westcott et
al. 2015), but all neoplasms exhibit the hallmarks. A recent computational toxicology
study has shown that chemicals that alter the targets or pathways among the hallmarks
of cancer are likely to be carcinogenic (Kleinstreuer et al. 2013). In addition, a series of
reviews in Carcinogenesis by members of the Halifax Project Task Force used the
hallmarks framework to identify the carcinogenic potential of low doses and mixtures of
chemicals (Harris 2015).
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7) In 2012, participants at two workshops convened by the IARC in Lyon, France,
extensively debated the mechanisms by which agents identified as human carcinogens
(Group 1) produce cancer. The participants concluded that these carcinogens frequently
exhibit > 1 of 10 key characteristics (Table 1). Herein we describe these 10 key
characteristics and discuss their importance in carcinogenesis. These characteristics are
properties that human carcinogens commonly show and can encompass many different
types of mechanistic end points. They are not mechanisms in and of themselves nor are

they adverse outcome pathways.

7) 2012 4, 7T ADY A TIARC ICX»THESNZ SOV —r v a v TDH
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8) Further, we describe how the 10 key characteristics can provide a basis for
systematically identifying, organizing, and summarizing mechanistic information as
part of the carcinogen evaluation process. The U.S. Environmental Protection Agency
(EPA) and the National Toxicology Program (NTP) in the United States, as well as the
IARC internationally, have recognized a need for such an approach (Rooney et al. 2014).
The U.S. National Research Council (NRC) emphasized the need for consistent,

transparent, systematic approaches for the identification, evaluation, and integration of
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data in the U.S. EPA’s Integrated Risk Information System (IRIS) assessments of

carcinogens and elsewhere in human health hazard assessments (NRC 2014).
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9) Progress in the systematic evaluation of published evidence on the adverse health
effects of environmental agents has been made through application of methods developed
by evidence-based medicine (Koustas et al. 2014). However, mechanistic study databases
present a challenge to systematic reviews in that the studies are typically both numerous
and diverse, reporting on a multitude of end points and toxicity pathways. One recent
example of a systematic approach searched for studies on end points relevant to nine
cancer-related mechanistic categories in identifying and presenting mechanistic
evidence on di(2-ethylhexyl) phthalate, a chemical with a complex database of > 3,000
research papers (Kushman et al. 2013). In this publication, the categories of mechanistic
evidence were identified from a compendium of published reviews. This approach may
be difficult to translate to agents with controversial or limited mechanistic evidence. It
also would not permit comparisons across agents, including attempts to understand
similarities or differences with human carcinogens. Further, it may be biased against
the most recent mechanistic and molecular epidemiology studies that have not been the

subject of a prior expert review.

9) BREEMEOREREFEEIZET 5 AR SIVARIMOMRAFEHh 2SR L T2y, Z
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10) To facilitate a systematic and uniform approach to organizing mechanistic data
relevant to carcinogens, we propose use of the 10 key characteristics of human
carcinogens as a basis for identifying and categorizing scientific findings relevant to
cancer mechanisms when assessing whether an agent is a potential human carcinogen.
A significant advantage of this approach is that it would encompass a wide range of end
points of known relevance to carcinogenesis as identified through examination of the
IARC Monographs on Group 1 carcinogens. Mechanistic topics can be included
regardless of whether they have been the subject of prior expert reviews of any particular
chemical. This should introduce objectivity that could reduce reliance on expert opinion,
as well as facilitate comparisons across agents. Moreover, at its essence, the approach
may afford a broad consideration of the mechanistic evidence rather than focusing

narrowly on independent mechanistic hypotheses or pathways in isolation.

10) RBAAEICEET 28R T — ¥ 2 EaT A RRNT—B LT 7 e —F ik
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e HIE, TS DERWEREBENICE NERAME TH L0 E 5 0 E il 2 IRFIC
MAD AT = A LFET HBR PR EZRE L, T2 DOEML 2506 Th 5,
ZOT7Ta—FOEERFSIX, T—T 1 BBAWEIZONWTD IARC £/ 77 7 O
HEICE - TEEEDONTEENDAMECONWTHAOSH B ENWHPFHOT Y RERA VM E2EA
TWHZEThD, BRI N E Y 7 23H 2 Fk L EIZ OV T OLRTOHEMFE O
LEa2—DOFEETHo 72 EI L ERICUGEINDI DO TH D, ZHIIEAWE DT

Do THEBR LT K 7257210 Th<| EMEOER~DIRFEZE O T8 BIMELE
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11) Herein, we demonstrate the applicability of this proposed systematic strategy for
searching and organizing the literature using benzene and polychlorinated biphenyls

(PCBs) as examples. The mechanistic study database for both of these chemicals is large,
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comprising > 1,800 studies for benzene and almost 3,900 for PCBs, many with multiple
mechanistic end points. We conducted systematic literature searches for end points
pertinent to the 10 key characteristics of human carcinogens, using literature trees to
indicate the human and experimental animal studies that reported end points relevant
to each characteristic. To further indicate their potential contribution to benzene and
PCB carcinogenesis, we organized the characteristics into a graphical network

representative of an overall mechanistic pathway.

11) Z 2, Bxiple LTRUrBroR Y ke 7 = =L (PCBs) % H VT STk A FR 3R
T 5 72 O OIERE ST SRS OIS O FIREME 2 RFET 5, 2D DL WE
DGR T — Z = Z TR Z W, R P 13 1800 LA EoHFE, RU LY 7 ==L
WZDWTIHIEIE 3900 OWFE THER S TR Y . DL IIZ ORI = RARA > K
RO TWD, Fxidt FROEREWS x OFHBICEEST 2= RARA » MaelE L
W2 R T2 OO RER (K1) ZHWT, b RERSAME D 10 &0 R R
EHERROH DT RARA  NOERRII SRR R 21T o7, S HIZ, N B & PCBIEN

AT L COBTEN T 552 R T 7o 012, BAIEBEROMMGRINREEZRR"TH7 7 7Ry
N — 7 OFINZE DREZFEATER LT,

12) Several recent IARC Monographs (e.g., Guyton et al. 2015; Loomis et al. 2015) have
applied the 10 key characteristics described here for a variety of agents and organized
the literature search results into flow diagrams. Overall, this categorization facilitated
objective consideration of the relevant mechanistic information, thereby advancing
analyses of hypothesized mechanisms and toxicity pathways. Because mechanistic data
may provide evidence of carcinogenicity, and can play a role in up- or downgrading an
evaluation based on cancer findings in animals, we suggest that this systematic
approach to organizing the available data will assist future IARC Working Groups and
other agencies in evaluating agents as potential human carcinogens, especially in the

absence of convincing epidemiological data on cancer in humans.

12) T DOV 20D TARC €/ 77 7 (] 21X Guyton et al. 2015; Loomis et al. 2015)
X, Z ISR SRR 2 OFERME D= 0 10 & 0 BB 2R 2 5 U CSUikR 5 5
7u—F ¥ — bOHICHA LTz, &KL LT, 2 O55ITEE 3 2 BGEm i 5 i o 28
BREMRLAGRE SN AT = AL L FBHERE OS2 ED 5 2 L3 TE T, Bilaai 7
— A IEPAMEOFERZ RIS 52 LR TE b LWL, BB T LD
FERIZEESWIZRHEZ LT 20 FF 20000k e Rc$T LR TE S, DD
B2 TOZ L 2RET D, AT —F 2MET DIRRNT 7o —F BNIBfEN s b
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Description of the Key Characteristics of Carcinogens

RNAYEDOREL T2 D5EDOFLA

13) The number of ways by which agents contribute to carcinogenesis can be extensive
if all biochemical or molecular end points are considered. However, these mechanisms
can be grouped into a limited number of categories (e.g., genotoxicity,
immunosuppression). Guyton et al. (2009) described 15 types of “key events” associated
with human carcinogens that collectively represented many carcinogenic mechanisms.
The experts present at the first of the IARC meetings in 2012 originally identified 24
mechanistic end points with several subcategories in each. This number of end points
was considered too impractical as a guide for categorizing the literature, and the Working
Group merged these categories into 10 at the second meeting in 2012, concluding that
human carcinogens commonly show > 1 of the 10 key characteristic properties listed
in Table 1. These represent the majority of established properties of human carcinogens

as described below.

13) b LI R_RTOAENE T Ty RARA VU MRZEIND 72 51X, (EHWE D3
MAMED—R LR BEBOKITZ I ER>TLEY, L L, 2ROHEDA D=L, RS
NicEo 7 3V — (BlxE, BEEE, GEMH) 208 TE %, Guyton & (2009132
SORNPINAID=ZALZFELOTRLTEBY, B NEPAWE LEESIT D 16 A 7Ot
TR DBAUZ OV TCRLR LTV D, BEFIFEZ HIE, 2012 45 TARC OO M A Il
RBLIZE 2N OO PR %E b o7 24 FHOBBERII T RARA >V FEEEL WD,
ZOxTY RRA Y OIS AE ST D00 E LTHE D ICHEETRVWEE
Zbilz, EOTEHT—F T 7 N—713e NREBAWE NI Tablel (252 7=
FRRHED 10 EONDO—2LL EERTZEE2EHD T, 2012 4FF 2 FEAETINLDHT
Y —% 10 ik &7, Tablel [ZLATIZIERS L It REPAEDZ < DR S
NIEHEZRL TS,

Characteristic 1: Is Electrophilic or Can Be Metabolically Activated to Electrophiles
Btk 1 BIETHITH D0, EEBEFEICRBOICERLIN S 20

14) Electrophiles are electron-seeking molecules that commonly form addition products,
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commonly referred to as adducts, with cellular macromolecules including DNA, RNA,
lipids, and proteins. Some chemical carcinogens are direct-acting electrophiles, whereas
others require chemical conversion within the body (Salnikow and Zhitkovich 2008) or

biotransformation by enzymes in a process termed metabolic activation (Miller 1970).

14) BlEAIIZ DNA, RNA, BEBIOZ o XI7EHzE0MiaE D & — IR
V—BEMINE SO —% BT 5B FERDLTFTHD, W D0DFM AN
FWEITEEEA T OBE A TH L0, F oML, KN TO/LFHZE#(Salnikow and
Zhitkovich 2008) & 721 ZREHHEME L S d 7 RAIZB W TEERIZ L D ERNELZ
2 L4 % Miller 1970),

15) Examples of direct-acting electrophilic carcinogens include sulfur mustards and
ethylene oxide (Batal et al. 2014; Grosse et al. 2007; IARC 2008; Rusyn et al. 2005). The
classic examples of chemical agents that require metabolic activation to become
carcinogenic include polycyclic aromatic hydrocarbons, aromatic amines, N-
nitrosamines, aflatoxins, and benzene, which by themselves are relatively inert (Slaga
et al. 1980; Smith 1996). A number of enzymes, including cytochrome P450s, flavin
mono-oxygenase, prostaglandin synthase, and various peroxidases, can biotransform
relatively inert chemical compounds to potent toxic and carcinogenic metabolites or
reactive intermediates (Hecht 2012; O’'Brien 2000). The ability to form adducts on
nucleic acids and proteins is a common property of these inherently electrophilic and/or

metabolically activated human carcinogens (Ehrenberg 1984).

15) EHEERTL2BE FHERDBAME O L L THiE~ A X — R F LA F 44 FR
4 £ % (Batal et al. 2014; Grosse et al. 2007; IARC 2008; Rusyn et al. 2005), 3&23 At
WZEALT D72 DITRENEMEZ LB L T 2L FRIER W E O A 72 B iX, S8R /IR R
LR, FEBET IVE N =Y I 777 PRV UVEBRLUONCBURH D
ZID A& TIIHEAENE TH 5 (Slaga et al. 19805 Smith 1996), 7 k7 v — A P 450,
TICCE) AR TR, TR 2 T T =B RO A DN F—
PHEZ BT < ORI NGV R E 2 58 ) 7 gt & FE D AR 2 Ff o T ARG E
Wy, FIIEMEFRRRICAERNTEMM S E D Z LA TE S (Hecht 20125 O’'Brien 2000), %
fo 2 R B eI & R T & DB, AERICEE T, £ L TH D WITAE
IEMESNo e B AWE O—N 72 E Th % (Ehrenberg 1984),

Characteristic 2: Is Genotoxic

etk 2 . BIsEERH 5D
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16) The term “genotoxic” (Ehrenberg et al. 1973) refers to an agent that induces DNA
damage, mutation, or both. DNA damage can be spontaneous in origin through errors of
nucleic acid metabolism or can be induced by endogenous or exogenous agents. In some
cases the exogenous agents may also be generated endogenously, such as formaldehyde
and acetaldehyde, producing a background level of DNA damage. Examples of DNA
damage include DNA adducts (a molecule bound covalently to DNA), DNA strand breaks
(breaks in the phosphodiester bonds), DNA crosslinks, and DNA alkylation. DNA damage
by itself is not a mutation and generally does not alter the linear sequence of nucleotides
(or bases) in the DNA, whereas a mutation is a change in the DNA sequence and usually
arises as the cell attempts to repair the DNA damage (Shaughnessy and DeMarini 2009).
16) “BElamt” L) FiE(Ehrenberg et al. 1973)13D N A, AR F 2130 H %
FHETOMENMEICE TIEE 2, DNABEIT, B0 7 —%2@L T, jokERFREAE
BNZAC D7, ETITHIENED 2 WIFSR MR EIC L > THES N D, W< D008 A]
PEVERWEIZ AR AL~ DNA BEELEC LBV LAT AT RRT7® 7 VTE R
DX BRVEAWEZNEMICHAESE D0 LitZe, DNABEOFIZIZ, DN AMIE

(B 2513 DNAIZIARERITH A L2 b D) DNA S8 (V) iy = 27 V& O
B17) . DNA 2% P 3 L OVDNA 743 /Wb b 5, AL HHIZ K % DNA HEIF 8RR
TiE/R<, —RICDNAHF DX 7 LAF R (E7I3HE) OEMRELYIZ A Z 7R3, JERE
HI DNA BFIOZELTH Y | @% ., fMia2 DNAHEEOBEEAITI L ZIZAELL2HDOTH
% (Shaughnessy and DeMarini 2009),

17) Mutations can be classified into three groups based on their location or involvement
in the genome. Gene or point mutations are changes in nucleotide sequence within a
gene (e.g., base substitutions, frameshifts, and small deletions/duplications).
Chromosomal mutations are changes in nucleotide sequence that extend over multiple
genes (e.g., chromosome aberrations, translocations, large deletions, duplications,
insertions, inversions, or micronuclei due to chromosome breakage). Genomic mutations
involve the duplication or deletion of nucleotide sequences of an entire chromosome, an
example of which is aneuploidy or formation of micronuclei that contain a centromere. A
large proportion of Group 1 carcinogens are genotoxic, as documented in IARC
Monographs Volume 100 A-F.

17) ZESRZEFTY 7 b ® HOMIE LM AICHESNT =0 L —FI2EEN5, Bnt
ZEIRIE FF T 1SR 9 [ TBIEFND X 7 LA TF REFIOENTH D (Flz1F, HEE
B 10 7 L—AT 7 bW BIOWNSWRIE/EE 12), PR Z2RE RIIZHOEIE T2
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IR D R 7 VAT RESIOEATH D (BlzIE, Yeta kg 19 fim 19 KREWKE, &
B, FEA 1S L 16 F T IR IR K B ME 7)), S B GEIRAE BT AR AR D X
7 VAT RESIORBEITEEE LS, Thooflé LT, Bl 19 Fizidtr a2
T (BEIK) 19 EET/NMEOBRR S D, FN—T 1 OREBAWE ORI EIARC £/
"7 7 Volume 100 A-F [ZF#i SN TV D L 5 ICEIEFHETH 5,

Characteristic 3: Alters DNA Repair or Causes Genomic Instability
¥tk 3 : DNA BHEZEADEITT ) ARREMEZSIEEZT

18) Normal cells avoid deleterious mutations by replicating their genomes with high
accuracy. However, the fidelity of DNA replication can vary widely depending on the DNA
polymerase involved, introducing the possibility of error. Indeed, most spontaneous
mutations are caused by polymerase error (Preston et al. 2010). The nature of the error,
the flanking sequence, the presence of DNA damage, and the ability to correct errors all
affect the outcome of this process (Arana and Kunkel 2010). As a consequence, defects in
processes that determine DNA-replication fidelity can confer strong mutator phenotypes
that result in genomic instability. Thus, carcinogens may act not only by producing DNA
damage directly, but also by altering the processes that control normal DNA replication
or repair of DNA damage. Examples include the inhibition of DNA repair by cadmium
(Candéias et al. 2010) and formaldehyde (Luch et al. 2014).

18) EFHRUIEWEMES 2R > TF ) 22T 52 & Lo THERERER A #ET T
Wo, LAL7Z235, DNA EROEM ST, 5325 DNARY AT —RITEFL THIA
<ZELL, DNARY AZ—ENR= I —OFREMEICENTLE S, FHE, ZEALEDHARIC
X DERERIIRY A7 —F 2T -2k > THEL % (Preston et al. 2010), =7 —DMHE,
Bizhdsl, DNABEOHFE, =7 —ZEIET 28T X TR ZOWMBROT U M ATHE
9% (Arana and Kunkel 2010), fE#E L LT, DNAEHHOIEHES 205 7 a1 2281
DRIBINT ) DARZEMICE S DRNVERERFRERBMNEZEZTLEI, ZDOXIIZ
HENAWEITEH: DNABELZEY T oA 67, IEH 7 DNA ## $ 7213 DNA #H{E0
BEZMET L7 m R 2B 52 EICL>sTERT 2O THL, flE LT, I RI=U 4
(Candéias et al. 2010)°H /L A7 L7 & K(Luch et al. 2014)iZ & 5 DNA &1 ORLEN &
Foind,

19) Genomic instability is a well-recognized feature of many cancers (Bielas et al. 2006)
and is considered to be one of the enabling characteristics of cancer (Hanahan and

Weinberg 2011). Cells exposed to ionizing radiation have genetic instability that is a
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relatively late-occurring event that appears several generations after irradiation and
results in a reduced ability to replicate the genotype faithfully (Kadhim et al. 2013). The
events indicating genomic instability include chromosome aberrations, gene mutations,
microsatellite instability, and apoptosis. These events are observed after exposure to

arsenic (Bhattacharjee et al. 2013) and cadmium (Filipic 2012).

19) 7 ARLEMITZ K OB AT L SRBO DD R TH D (Bielas et al. 2006), 7203
MIMEEARRICT DREO—D2>ThH D LB Z LT H(Hanahan and Weinberg 2011), &
B BRI IR R S U7, BRI . Zit RIS o7 o THAL, 22Dl 2 Bl R
LRSI H WAL S DB BET LBEBEFALEEEZFF > T 5 (Kadhim et al.
2013), 7 AAREEM A TRTA R ML, REERT | BIRFRRER, v~ 7 a¥T
TA k20 REEME, TRF—=R220 B3H5, ZhbDA X Mit F(Bhattacharjee et
al. 2013)%°7 K X ¥ A(Filipic 201212 X 2 EFEIZ L > THBIE IS,

Characteristic 4: Induces Epigenetic Alterations

4. 2P RXT 4 v I RELEFHEET D

20) The term “epigenetic” refers to stable changes in gene expression and chromatin
organization that are not caused by changes in the DNA sequence itself and can be
inherited over cell divisions (Herceg et al. 2013). Epigenetic phenomena, including
changes to the DNA methylome and chromatin compaction states, along with histone
modification can impact the carcinogenic process by affecting gene expression and DNA
repair dynamics (Herceg et al. 2013). A wide range of carcinogens have been shown to
deregulate the epigenome, and it has been suggested that their mechanism may involve
disruption of epigenetic mechanisms (Pogribny and Rusyn 2013). However, evidence for
a causal role of epigenetic changes in cancer caused by Group 1 agents was considered
to be limited in Volume 100, and the impact of many agents on the epigenome was
considered to be a secondary mechanism of carcinogenesis (Herceg et al. 2013). Herceg
et al. (2013) have described a wealth of studies demonstrating the impact of carcinogens
on epigenetic mechanisms. Most carcinogens (even those reviewed for Volume 100) were
evaluated by IARC Working Groups before new data on their epigenetic effects became
available (Chappell et al. 2016). This evolving area will generate new mechanistic data

in the years to come.

20) fik “mE V=7 4 v 77 [ZDNAESICHE ST OB L > TG EEZ Shan
R, Mifasy Rz @ L TR 2B RIS AL 2 ZE LBz iiE LT
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W% (Herceg et al. 2013), “E Y =37 4 v 7 HAR1Tt A b 2 OERiZfE-> T DNA £
Fr— A2 OYERIERRIE~DOZ(LEZEATEY, BB THEBIS DNABELY Ay
7 AN X o TRN BRI ET 5 (Herceg et al. 2013), JAFFHDOFENAME T E S/
b2 ZRRIRRT 2 Z DR ENTEY, ENOHDA D= ANITES ) DDA T =R L
T 5 2 SICBE LT D 2 ERIE X7z (Pogribny and Rusyn 2013), L2> L7278
5, ZN—7"1 OEAMBEIC L > TRAETINADTE Y =27 1 v 7 RZELDJRINIC 72

HBEIOFRALIE Volume 100 FTRE SN TS EEZXLIL, “ES ) A~D% L OIERY
BORBIIINNVDEFE DA B = AL THDH LB Z LI (Herceg et al. 2013), Herceg ©
BT =RT 4 v T RAN = XL T D RBAWE D BT 5 8 E RbFZEic o
WTIERTND, FEAEDEDAME (Volume 100 FIZL B2 —ILTWD) 1TEND
DT 2 XT 4 v I BHRIZONTOH LWT —F B AFTE LRI IARC V—F 27
7 —T7N2 X o TiMii & Cu7=(Chappell et al. 2016), = OHEE oo & 5 4087135 55K
FELNITHT LWGR IR T — 2 2 £ BT TH A 9,

Characteristic 5: Induces Oxidative Stress

Btk 5 BRILROR P LR Z2FHETD

21) Many carcinogens are capable of influencing redox balance within target cells. If an
imbalance occurs, favoring formation of reactive oxygen and/or nitrogen species at the
expense of their detoxification, this is referred to as oxidative stress. Reactive oxygen
species and other free radicals arising from tissue inflammation, xenobiotic metabolism,
interruption of mitochondrial oxidative phosphorylation (Figueira et al. 2013), or
reduced turnover of oxidized cellular components may play key roles in many of the
processes necessary for the conversion of normal cells to cancer cells. However, oxidative
stress 1s not unique to cancer induction and is associated with a number of chronic
diseases and pathological conditions—for example, cardiovascular disease (Kayama et
al. 2015), neurodegenerative disease (Chen et al. 2016), and chronic inflammation
(Suman et al. 2015). Oxidative stress is also a common occurrence in neoplastic tissue

and can be part of the tumor environment (Suman et al. 2015).

21) % < DFB AW EITIERMILOBRRTTN T RN EEZGR D ENARETH D, b
LT UG UARRE D L 2D OBHEL 2R U CIRMERREME 25 1 KL OV E 71306
ERFE 20 OEREMET D, ZNEBRIEA N LA LS, MORIE, ERBRDAH,
=z KU 7 obry ) v ER{b(Figueira et al. 2013)D5E £ 72 13 (b S 7= MR 53 D
RO 0> 64 U DIEMERRFEMO 7 U —F 2 A VDS E MR B 23 AMIRR I 55

J
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HIEDIHETHLL DT u v ATHERFEEHZHETHD2b LR, L Laen
5. bR b LRI AFFEZT T < 2 < OBRMHEEEKORICIREE, H 21X, O iE
F(Kayama et al. 2015), #ifRZMEZ B (Chen et al. 2016)3 L OMEMEZK B (Suman et al.
2015)IC B BB ST LTV D, BREA b L AT E 7RISR ILm L TRET D
fES BRSSO —# Tt & 5 (Suman et al. 2015),

22) Oxidative damage is considered a major factor in the generation of mutations in DNA,
and > 100 different types of oxidative DNA damage have been identified (Klaunig et al.
2011). At least 24 base modifications are produced by reactive oxygen species, as well as
DNA-protein crosslinks and other lesions (Berquist and Wilson 2012), all potentially
leading to genomic instability. Oxidative damage to DNA can lead to point mutations,
deletions, insertions, or chromosomal translocations, which may cause oncogene
activation and tumor suppressor gene inactivation, and potentially initiate or promote
carcinogenesis (Berquist and Wilson 2012; Klaunig et al. 2011). Thus, the induction of
oxygen radical-induced cellular injury is a characteristic of a set of diverse carcinogens,

including radiation, asbestos, and carcinogenic infectious agents.

22) FRALAIHRESE DNA  COZRERORAEDEERBERIT/ D LEZ LA TEY, 100
VLD X A7 D87 5 FE{bF) DNA #5538 ST & 72(Klaunig et al. 2011), DNA-% >
X7 BB D5 Berquist and Wilson 2012)D &7 53, A 7a< & b 24 O FLELf
DIEMERRFREIC L > TAER S, ENOTXTREIENICST ) AARLEMICE L, DNA ~
DOEEALBIBREIL D VBASF OIEM: & 2 AMHIEE O RNEM L 2B S 23Rtk o d 5
JRGEIRAE L RO, FRANE T TG RS 27 (DX | EERICRE DN AZBRME L, 1RET S
(Berquist and Wilson 2012; Klaunig et al. 2011), Z® X 9 ([ZlEFE T VD ih38 3 2 MM
HBEOFE ISR, 7 AR b BILOFEDSABGEIERYE %2 80 2R 0 AWM E D
Rl vz s,

Characteristic 6: Induces Chronic Inflammation

Ktk 6 - BUEREZHETD

23) Chronic inflammation from persistent infections, such as that caused by Helicobacter
pylori, as well as that produced by chemical agents including silica or asbestos fibers,
has been associated with several forms of cancer (Grivennikov et al. 2010). Indeed,
inflammation has been hypothesized to contribute to multiple aspects of cancer
development and progression (Trinchieri 2012) and is an enabling hallmark of cancer
(Hanahan and Weinberg 2011). Inflammation acts by both intrinsic and extrinsic

pathways. Persistent infection and chronic inflammation disrupt local tissue
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homeostasis and alter cell signaling, leading to the recruitment and activation of
inflammatory cells. These constitute extrinsic pathways linking inflammation to cancer
(Multhoff and Radons 2012). On the other hand, intrinsic pathways driven by activation
of proto-oncogenes in pre-neoplastic and neoplastic cells recruit host-derived
inflammatory cells that accelerate tumor promotion and progression (Grivennikov et al.
2010). Because strong links exist between inflammation and the induction of oxidative
stress and genomic instability, it may be difficult to separate out the importance of each

of these mechanisms.

23) NV ansx—.rl 8 2 Lo THEED IND KD RFHMEG D OBMERIE
TV B ELITT AR M#EZ B TEEWEIC L > TERS LD HE ERERIZA A D
< OMPOFERE L BE-SIF 5T & 72(Grivennikov et al. 2010), FHHE, KIEIINADIAE L
AT OZERIARIO—K & 72 5 LARGE S 41 TH Y (Trinchieri 2012), 2BA A Z 4B TH
% (Hanahan and Weinberg 2011), ZAE XN M & SO [E#H ORREEIZ L > TEHT 5,
Frge MR & 2 P SN I X RSE M O L IEMAL ZFFE L2 6. JRETOME D &R A A4 2
B A2 RIS, Ml S IREEEZ D, ZALIEBACORBRDLIRIEE D
I D HMAIMERE S & M3 2 (Multhoff and Radons 2012), )7, AiiAS AAKEE 300 K OVE M
Rl D 3 AU JFE AR 1~ 3V DIEHEARIZ & o THRE) X4 2 INIRPERR B 1 ZREE DR s L OWETT 4
¥ %18 T H R ORIEMIIL & H8 N S 5 (Grivennikov et al. 2010), KIEL ., BALA P LA &
T ARLEMOFHE L ORI, BOORB O BFETHDT, TLHDAH=ALD
K x OEFVEZSBET 5 2 L IEREEN S Lt

Characteristic 7: Is Immunosuppressive

Rtk 7 . RBEIHITH D

24) Immunosuppression is a reduction in the capacity of the immune system to respond
effectively to foreign antigens, including antigens on tumor cells. Persistent
immunosuppression presents a risk of cancer, especially excess risk for lymphoma. For
example, immunosuppression poses a significant risk when it is accompanied by
continuing exposure to foreign antigens, such as in people with organ transplants, or
when it occurs in individuals who are latently infected with a carcinogenic virus (Hartge
and Smith 2007; Smith et al. 2004). Immune suppression differs from other mechanisms
of carcinogenesis in that agents that cause immunosuppression may not directly
transform normal cells into potential tumor cells. Potentially neoplastic cells that arise
naturally, or that have been transformed by other carcinogens acting by a mechanism

such as genotoxicity or by the various mechanisms of action associated with carcinogenic
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viruses, escape immune surveillance in immunosuppressed individuals. As a result,
survival of these cells and their replication to form tumors is greatly facilitated by
immune suppression. Several carcinogens act entirely or largely by immunosuppression,
often in concert with other Group 1 agents, especially oncogenic infectious agents. The
Group 1 agents that act by immunosuppression include human immunodeficiency virus

(HIV-1) and the immunosuppressive drug cyclosporin (Rafferty et al. 2012).

24) i, B EOHUR 2 & Lo sk IE D HURIZ I RN RS HEES T 58, i
PNEZE DR DR 2 BEWT 2, Fife T 20 ZMHlIAAO Y 27 FHZAIEO X 5 7
WRIZR Y 27 & BT D, BIRIX, REIMENIIBEEE A Z T 7o A2 D X912 SSRIEDHUR
(ZHREE S VBT 7o RIS F IR ERIS R A T A VARG LT B A A Uz, X
72V A7 &5 % Z 3 (Hartge and Smith 2007; Smith et al. 2004), FEIHILE % L
2 VERWE S IE MU 2 VAR R e IE I IS B 2 7 W0 h LR WD T, BB AD
oD A B =KL L Fip o TWD, FrAEMBIZATRENE S L THRICHEET D0, Biamtto X
VIRAN = ALK S THERT BRIOBNAMEIZLD . HDHWVITHENA T A VA LB
ST OLNDEROHE 2 DA S =X KL VR SE S, S S @ Rics TR
TR Z RN TND, FiFRE LT, 2o OMAOELT & EEZ AT 2720 0ERI%, 4
FEIHNC X0 RODMTRES D, WS ODDORNAMEIL, o 7 —7 1 ERWE. FFiC
FEDAANED RGP R & UIE UIEEER LTl Ko Th o 1E B & 5 WIERH s EH
LTW5, sEmilic XV IERT 2 7 v—7 1 ERWEICIE., b MuERE Y A L AHIV-
DB IHIER S 7 1 AR ) 23 H 5 (Rafferty et al. 2012),

Characteristic 8: Modulates Receptor-Mediated Effects
B8 RFBKEMEDREZILEH TS

25) Numerous carcinogens act as ligands to receptor proteins, including menopausal
hormone therapy, 2,3,7,8-tetrachlorodibenzo-p-dioxin and PCBs (Wallace and Redinbo
2013). Receptor-mediated activation broadly falls into two categories: a) intracellular
activation, mediated by nuclear receptors that translocate into the nucleus and act on
DNA as transcription factors (Aranda and Pascual 2001); and b) activation of cell surface
receptors that induce signal-transduction pathways resulting in biological responses
that involve a variety of protein kinases (Griner and Kazanietz 2007). Most exogenous
agents act as agonists by competing for binding with an endogenous ligand; however,
there are also receptors for which few or no endogenous ligands have been identified,
such as the aryl hydrocarbon (Ah) receptor (Baek and Kim 2014; Ma 2011). Receptor-

mediated activation most often results in changes in gene transcription. Molecular
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pathways that are regulated through ligand-receptor interaction and are most relevant
to carcinogenesis include cell proliferation (e.g., stimulation of the normal proliferative
pathways, as is the case for estrogen-dependent tissues and hormone therapy),
xenobiotic metabolism, apoptosis, as well as modulation of the bioavailability of
endogenous ligands by affecting biosynthesis, bioactivation, and degradation (Rushmore

and Kong 2002).

25) Z < ORBAWEIIZHERTZAEL B~ B K32 L UTERT 2, ZoFIcBifk
Wl m v 8, 2,3,7,8 tetrachlorodibenzo-p-dioxin 33 X T8 PCBs A& FN TV 5
(Wallace and Redinbo 2013), =& MRKAFHEIGHEALIZR ENICWD & oD H T Y —|Z57
BENd, 77006, a) BZAEERIEKF L TEORICET L, 55K+ & LT DNA IZ/F
A9 2 HiaNTEE b (Aranda and Pascual 2001) &, b) fix o7 a7 A V3 —E a2 0E L
TOHEMTFHISEICEDL Y 7 T NRERKZFHET MR EHZBFEOIEHELTH D
(Griner and Kazanietz 2007), 1Z& A EOSNRMEERWE X, WERPEY 77 8 &HEHIHIIC
MaTarz itk 7=k 3% L L THERAT 5, Lo LD EEERRICKEZFE

(AhR) O X D IZHNRPEY > RBEE S D5 NF 2 MR SN TRV ER S H 5 (Baek
and Kim 2014; Ma 2011), ZZRKAAEEMECIZ UIE UISBIS FIRTE 022 £ L 5, &
LREDBAICEE L TV D0 TORKIL, VY F—SFEMHAEEAZBE L CGREI S TR
DB, ARATENL E SRIZET D Z LI ko THERMEY T ROAY SR He
39 OFEIO AT DT (B 21X, =R ~ a7 UARTEERRE & RV E EIEOSA D
X O ITIE R 22 AR ORI . BRSNS, TR b— 2% 5 AT % (Rushmore and
Kong 2002),

Characteristic 9: Causes Immortalization

B9 RELEREZT

26) Several human DNA and RNA viruses, including various human papillomaviruses,
Epstein-Barr virus, Kaposi sarcoma—associated herpes virus, hepatitis B virus, hepatitis
C virus, HIV, Merkel cell polyomavirus (MCPyV), and human T-lymphotropic virus type
1 (HTLV-1) are carcinogenic to humans (Bouvard et al. 2009). These viruses have evolved
multiple molecular mechanisms to disrupt specific cellular pathways to facilitate
aberrant replication. Although oncogenic viruses belong to different families, their
strategies in human cancer development show many similarities and involve viral-
encoded oncoproteins targeting the key cellular proteins that regulate cell growth (Saha
et al. 2010). Recent studies show that virus and host interactions also occur at the

epigenetic level (Allday 2013). The result of these viral effects is to immortalize the target
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tissue cells such that they are not subject to the Hayflick limit, the point at which cells
can no longer divide due to DNA damage or shortened telomeres (Klingelhutz 1999). For
example, the human papilloma virus type 16 (HPV-16) E6 and E7 oncogenes are
selectively retained and expressed in cervical carcinomas, and expression
of E6 and E7 is sufficient to immortalize human cervical epithelial cells (Yugawa and

Kiyono 2009).

26) W< oDt s DNA LTUNRNA 7 A VA, flix Db FHIEEY A VA, =T AH -
N=TUANA RVRAEEBFRT 2NN AT A VA BRIFFRT A VA CRIFR T A
VA HIV, A7 VIR U A —~< 7 A L ZAMCPyV)B L O U o SERaE 7 A LA 1
BIHTLV- )& & A TS, 2 bike MO L THENAMETH 5 Bouvard et al. 2009),
INBEDOTANAE, BE ARG R T 5720 ORI MO R A EET 5% 04y
FAH=A LI TE, DABIBTUANRITR R STRITET 228, B FOMRA
DOHATIZE T HHRIIEZ < OFLIMEEZ R L TR Y, MlaopkE 2+ 2 BEE RO
MELSBEERNE T D U A NV ADBIEK 5L S BEME- AIX < BEE2 5 ATV 5 (Saha
et al. 2010), FOTOWFIL T AN ALIEEE OHEMERANRZEY 2R T 4 v 7 72 L-YLT
[FAERICEE X 5 Z & 2R LTV A (Allday 2013), ZHUH D U A L ADEEIEZE DR CHilA
N DNAHEREM SN T2T B AT 3980 BTN TE R D A 7Y v 7[R 30

\ZHED RN T, R RMIN 2 Rk 5 Z & Th 5 (Klingelhutz 1999), #lx1X, & ML
GEIE Y A LA 16 B (HPV-16) E6 & E7 73 {5 11X S O BB S AN BRI LR &
L. FEBLL, ZLTE6 & E7T0%BUIE MEH O EMIAE RIS 2 DI+ 7288 )0
& % (Yugawa and Kiyono 2009),

Characteristic 10: Alters Cell Proliferation, Cell Death, or Nutrient Supply
Kt 10 : MERRHETH, MIRQSEE 72 IXRBIEEEE X D

27) There are at least three scenarios related to carcinogenesis in which alterations in
cellular replication and/or cell-cycle control have been described. One invokes the
predisposition for unrepaired DNA damage leading to cancer-causing mutations in
replicating cells; another has attempted to identify sustained replication as a key
mechanistic event; and a third describes the ability of a transformed cell to escape
normal cell-cycle control and to continue replication. A component common to all three
scenarios is the evasion of apoptosis or other terminal programming, including
autophagy, in at least a proportion of the cell population (Ryter et al. 2014).

Necrotic cell death releases pro-inflammatory signals into the surrounding tissue

microenvironment, recruiting inflammatory immune cells to the site of trauma, which
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can enhance cancer-cell proliferation and promote cancer metastasis (Coussens and
Pollard 2011; Coussens et al. 2013; Pollard 2008). In contrast, various forms of apoptosis
and autophagy (Galluzzi et al. 2015) have the opposite effect by removing potentially
cancerous cells from a population before they acquire the changes permitting malignancy.
Many agents affect necrosis, apoptosis, and/or autophagy and can have profoundly

divergent effects on cancer induction in different tissues.

27) AR X OV E ISR E S OFEE O Z(LNFHH SN TV A RN ACE L TiE, &
BRLEB=DDTFVANH D, —oHIE HE L TW DM, BAZAL HERERE
HlEE 29 DNAHEOEEZ RAARRICT 2R KN E 6T 28 Thd, —HHIT, BEER
FEGRI) A N h & L TR RA R T 2 2 e 2l 2 L ThoTz, =2 HIT, IEW
e E I OFRER > B AV T AT S I EIR SR DORE 1 2 IR R T\ DS 2 & Th b,
E0O TS Y ACIBEOMALERIT. D7 < &b OMIEROLEN D BT B AR
BEDT R b=V AERIIMOERK T 0 7T I 70 OEEETH H(Ryter et al. 2014),
BTN X AME AL S S0 M & 48 80 72 23 & JEI AR O R BE IS RIE B HME v
TFNEKRET D, 200 OMIIEN AFIROREZ @, 0 AEEE 2123 % (Coussens
and Pollard 2011; Coussens et al. 2013; Pollard 2008), *fEHIZ, THR h—T ARLHOE
& (Galluzzi et al. 2015)IX KON R A Fi> TER Y | BIEMITH AALT DR BRI
ZACT 2 AN RN T L E 9, < OIFIWEITEESE, 7R h— A, £ZLTE
FITHCASICEEL, BRIV THAABEICEERIRERT,

28) In addition to cell death caused directly by agent toxicity, cells may die within a
tumor as a result of an impaired nutrient supply. Neoplastic cell numbers can increase
exponentially, quickly outstripping the supply capabilities of the existing tissue
vasculature. Neoangiogenesis, in which new blood vessels grow into a tumor, is key to
providing this supply of nutrients. Thus, agents that promote or inhibit angiogenesis will

promote or delay tumor growth (Hu et al. 2015).

28) TERWE OMEIC X 0 B8] & 2 S 2 MISEICIN 2 C MR B ia 2 e b i
T, fERE LTEBNTIRICES D L, BFrAEMEORE, kA ET 2 mERO
B /1% blal > THEBIHBIC QI 2, H LW E 2303 A O TR 3 % g Bk
W IRBAMET IR THD, oL OIC, MEFHELRELIZVIEE LY T 51EHD
BIIEBOREZEE LV ELEEVT5THAS ) (Huet al. 2015),

29) Cancer cells also usually show quite different cellular energetics, relying on glycolysis

for energy even under aerobic conditions (Rajendran et al. 2004). Although a likely
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consequence of mutation and altered gene expression rather than a cancer-inducing
mechanism, any modification of cellular energetics may reflect an important cancer-

relevant switch in the cell’s or tissue’s metabolic state.

29) NAMBITGFRNIGEE T TSI AT RN TX =2 G LT OITHE SR TFT 22 Biro
7oA 0D =k L — K & @ 7R 9 (Rajendran et al. 2004), NAZHETHA D= AL L
WO X DT LAERERSLE LB FRAOKR THL TN E S, Mgz 1L —4%F
PEDZACITAIIE F 72 AR O RBIRBICB O CTHEERDAMEDO AL v F 2L TV D
RN A OY A WA

Using the Key Characteristics to Systematically Identify, Organize, and Summarize

Mechanistic Information

BRERATERZ ARIICHRS, e, BERNTO0ICRLEROBMZERTS

30) Step 1: Identifying the Relevant Information
AT v 71 BETLHEREMERT

The starting point for systematic evaluation is to conduct comprehensive searches of the
peer-reviewed literature aimed at identifying mechanistic data (Kushman et al. 2013).
The searches can be constructed to address a series of study questions in the PECO
(population, exposure, comparator, and outcomes) framework (Higgins and Green 2011)
wherein end points associated with the key characteristics are identified. Specifically,
the question to be answered by the searches is “Does exposure to the agent induce end
points associated with one or more specific key characteristic properties of carcinogens?’
The population (humans and any relevant experimental systems), exposure (the agent
and relevant metabolites), and comparator (the unexposed comparison group or
condition) should be sufficiently broad to identify a range of available mechanistic data
informative of the overall evaluation of carcinogenic hazard. This approach thus entails
comprehensive, targeted literature searches using appropriate medical search heading
(MeSH) terms and key words to identify evidence on the 10 key characteristics for the

agent(s) or exposure(s) under evaluation.

30) ASRAGRHAI D 72 8 D 38 sl BEGRIYT — ¥ Ot 2 B L CAHE S AL72 SR el i
723 21T 5 2 & Th % (Kushman et al. 2013), #%E1E PECO { (E{ARE, W@, =X
L—4— (HlgllEss) . 77 A s)} 7 L—2aU—7 (Higgins and Green 2011) D H1 ¢—

HOWFFEDEERNCER Y MTe 7o DI S LD, TOF CTEHERFFMEEEST L= RARA
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v MR SN D, FROHRFE L TE 2 DD Bl “TERWE ~DIREN RN AYE
FFENL EOBEERRHELEE ST ONDL = RARA V MIEL D227 Th 5, flik
B (B FRRUBET 5FBR A7 L), GE (FHWER XOEET 2R3 Laun
L—4— (g% émfw@ww&7w—7kﬂl®hﬁ)i FED A DA T O ARG
Hi Th - T, AR EWER7LT — % ORI Z R T 272D b ORI 4712 )A
FToONDRETHD, 2OT 7Fr—FiL, HERTHIEL R TR ZEKR L TV, T
e HIX, O E AR A L (MeSH?) fFEE F—U— RZHAWT, iz G ofE
AWEE T ITRED T2 D 10 EOEERFFEICOWNTCORIWAHER T 206 Th D,

31) Additional complementary literature searches may incorporate terms for the agent
and its metabolites, alone or in combination with broad terms for carcinogenicity or
related effects. For instance, because U.S. EPA IRIS toxicological reviews also encompass
a range of non-cancer toxicities, “top-down” broad literature searches aimed at
comprehensively identifying studies on all potential toxic effects of an agent are
employed (NRC 2014; U.S. EPA 2014). These comprehensive searches of peer-reviewed
literature are supplemented by examining past JARC Monographs or other authoritative
reviews, databases (e.g., PubChem), and peer-reviewed government reports can also be
systematically searched. The search terms used and literature retrieved can be
documented (e.g., using MyNCBI, which saves searches of the National Center for
Biotechnology database, or https://hawcproject.org/).

3nﬁm%fﬁ%%@iﬁ@$i»ﬁﬂ PEE 72 13RI 5 R A R TIRIAVHREZ B b
DWVIIHAEDEDL Z LI | (ERAWE R OZEOREY E R T 272D O REEZ Y A
@5ﬁ%ﬁﬁ%éomzm\USEHumsﬂ@%v3;~i\ﬁt&o:#ﬂhﬂé®%
FHEATNDDT, & H1ERMEDOEBTER R BRI OV CEfERICHER T 2 5
k> 7 X0 o FRDORIRN TR R EL D AL H T H(NRC 2014; U.S. EPA2014), #
PN I NS ORI ITIEBED IARC £/ 77 7 30O MEH 5 1 B a—,
T —H_X—2Z (f %X PubChem) % A& T 5 Z &2 ko THiibi, it SN -BIFOHRE
b EFRRICRBE TE 5, AV ONTRBHGECRRB S SCEEEICii R S h D (Bl x
I, A FT T ) aV— s F=ER—=ZDEN Y o F— T O A FIT T %5 MyNCBI4«©
% 721 https://hawcproject.org/ % AV 5) .,

Step 2: Screening and Organizing the Results
AT v 72 mEREBILKETD

32) Based on title and abstract review, studies identified initially are excluded if no data

21


http://ehp.niehs.nih.gov/15-09912/#r50
http://ehp.niehs.nih.gov/15-09912/#r70
https://hawcproject.org/
http://ehp.niehs.nih.gov/15-09912/#r50
http://ehp.niehs.nih.gov/15-09912/#r70
https://hawcproject.org/

on the chemical or a metabolite are reported, or if no data on toxicological or other cancer-
related effects of the chemical are provided. For example, a study on levels of a chemical,
but not effects of the chemical, would be excluded. Included studies are then organized
by the population (human or experimental systems) and by the end points associated
with the 10 key characteristics (Table 1). Studies relevant to toxicokinetics (covering
absorption, distribution, metabolism, and excretion) are also identified. Additionally,
authoritative, comprehensive review articles are identified, as are studies reporting
toxicological end points in cancer target and non-target tissues. These may include
morphological evaluations pertaining to the dysfunction of organs, tissues, and cells.
Importantly, studies reporting end points that are relevant to multiple characteristics

may fall under several categories.

32) A MVEEF L E 2 —IZHSWT, FANZFRE S NIRRT OSEIZIERE S
%o a) ALFEWE E IR HONTOT — 2 B STy, b) LEWE oM
FHVE T DN AT B L 7 B Rt S v Ty, Bl 20X (L OB TIEe <
T, ZOREIZONWTOMEIIRE SN D, BRESNZRD o ToEAMEEEE (B N E 7235
BR A7 L) & 10 EOBEBERKHE (Table 1) ICB#ET 52 RARA » ML > TGS
%, mPEENREE 40 (U, AR, R EHRZ 5 A C) IR 2 R ST
W5, MNZ T, MRS 2 a5 78 LU B o —im SR, 23 A OFER) B ORI 72 & 72V Rk O B
PESER ey KR AV MZOWTHE LTV AHFZE L RERICHER S D, 2 biT, 3E.
KRR O OB RERE 5 I BILR 9~ D TERE RN 225 -l & & A TV D RIBEMEDS & 5, BHE 7R
E LT, L ORHEICEET 52 RARA  MZOWTHE L TW AR N D000
T AU =S ND FREEDR B B,

33) Toillustrate these two steps, targeted literature searches were conducted to identify
end points for the effects of benzene pertinent to the 10 key characteristics, in
populations comprising humans or experimental systems. The literature searches were
conducted using the Health Assessment Workplace Collaborative (HAWC) Literature
Search tool (https:/hawcproject.org/), documenting the search terms, sources, and
articles retrieved. Following title and abstract review, studies were excluded if they were
not about benzene or its metabolites, or if they reported no data on toxicological end
points. Included studies were further sorted into categories representing the 10 key
characteristics based on the mechanistic end points and species evaluated (i.e., human in
vivo, human in vitro, mammalian in vivo, mammalian in vitro, nonmammalian; Figure
1). The figure also identifies reviews, gene expression studies, and articles relevant to

toxicokinetics, toxicity, or susceptibility.
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33) T B O BRELAE) Uil 272010, BIEE T2 WERERR 22 Sz,
Bl & FERIIIERY AT L0522 D EAEEZ VT 10 £ 00 B AR I E 2R 4
HRB DR RT T RiRA MR SV, STk 3R1X. Health Assessment
Workplace Collaborative (HAWC) SCikiRZ2 F-B¢ (https://hawcproject.org/) % F\ T, M5
HEE. THRIR R OB ST fiek L AT bivc, A4 MV EEF L E 2 —ITFE
WT, U TFOBRTERIN SN S B o 7o, NUB U E232 OB OWNT T h
S BEFHTZ U RRA 2 MZOWTOT =2 RRE SN TR T HETH S, B
IAFENT-HFFEIE S DITHIGRI = RARA v hOREHE S -FE (725, in vivos?
BiF5HE b, invitro®? [ZEBIFT 5 & b, invivo (2351 DIHFLEE. in vitro (235 1) D FLIH,
Eﬂﬁ"L*E) IZHEASWT 10 EOEBERFEEZ R T I T Y =T, KL, £725Y
BhRES, B E IR MEICEE T D L e — BB RIS L OG L EHRT 550
T b,

Figure 1 — Literature flow diagram, illustrating the systematic identification and
categorization process for benzene mechanistic studies. Using appropriate MeSH terms
and key words, targeted literature searches were conducted for the 10 key characteristics
using online tools available from the HAWC Project (https:/hawcproject.org/). Section 4
refers to the location of the discussion of mechanistic data within the IARC Monograph
structure  (http://monographs.iarc.fr/ENG/Preamble/currentb4studiesother0706.php).
All inclusion categories were expanded to document the number of studies attributed to
each, down to the individual key characteristic level, which were expanded to illustrate
human information when > 100 total studies were identified. Less frequently
encountered key characteristic categories (blue-shaded circles) were left unexpanded for
clarity. “Human” refers to both humans exposed in vivo and human cells exposed in vitro.
View larger image (TIF File)

4 1: B OBEIRGERAVITIE D 72 80 D ARG & 43 FEE AR 2 BiEH 9 2 SCIRRHEX,

72 MeSH M ¥ —UV—F2MHWT, ABIEL T2 BEE HAWC e =7 b

(https://hawcproject.org)NHAFTEDLA LT A Y —) L&A LT 10 @O EE R
\ZOWT Tz, 27 v 3 413 IARC Monograph #i& N ORRERIYT — ¥ O DAL
& % 57 (http://monographs.iarc.fr/ENG/Preamble/currentb4studiesother0706.php), &
EFNTWDLTNTONT T Y — 3 il % Ot L 72 5 RHEICE S £ T, 100 &L EOBFFEA R

SN/t MERZUAMEIZT D720ICKE LB T DM FEBE IR LIHOFIT R Lz, R

BOLIRNGEERDFHEDO T Y — (FEOM) FERLTWwevyy, “t + (Human) ”
I% in vivo CHEEE IiL72t b & in vitro THEEE Szt MIlaOm G ZE L T\ 5,

Step 3: Using the Key Characteristics to Synthesize Mechanistic Information and to

23


https://hawcproject.org/
https://hawcproject.org/
http://monographs.iarc.fr/ENG/Preamble/currentb4studiesother0706.php
http://ehp.niehs.nih.gov/wp-content/uploads/124/6/ehp.1509912.g001.tif
https://hawcproject.org/
http://monographs.iarc.fr/ENG/Preamble/currentb4studiesother0706.php

Develop Adverse-Outcome Networks

AT o7 3 BRI REME L. FERT VM IARY NU—J 2B IES72DIC
BLRDEEEIERT S

34) It is increasingly evident that multiple biological alterations or sets of different
perturbations are necessary to convert a normal cell to a transformed cell and ultimately
a tumor (Hanahan and Weinberg 2011). Carcinogens appear to affect this complex
process in various ways and can act through multiple mechanisms to induce cancer and
other adverse health outcomes (Goodson et al. 2015; Guyton et al. 2009). Using the 10
key characteristics as a basis, the collected information can be organized to form
hypotheses and evaluate the evidentiary support for mechanistic events as a function of
relevant aspects (e.g., dose, species, temporality) (Guyton et al. 2009). The diverse and
complex mechanistic end points elicited by benzene can then be organized into an
overview inclusive of multiple alterations and any linkages thereof (Figure 2). The
resulting overview can provide guidance for further assessments of the literature,
including dose relevance, species relevance, and temporality of events. This additional
detailed information can then be used to produce proposed mechanisms or adverse
outcome pathway networks as described by McHale et al. (2012) and the EPA’'s NexGen
Risk Assessment Report (U.S. EPA 2014). We note that there is evidence that benzene is

associated with 8 of the 10 key characteristics we have described.

34) ZEOAEWFHEND D\ T v Mo T fix 288N X0 BRI E =i
Bz, & U CHREMICIRISICE L D 2 L3~ A & 72> CTu 5 (Higgins and Green 2011),
BB AWEIL, Bix I COBMR T n R ACEBE G250 THY 2O A=

LIZEX o THRARCHMOEERERET 7 MO 205 & Z X1 5 (Goodson et al.
2015; Guyton et al. 2009), & Z T, HE¥EL LT 10 HOEERFFEZITH L T, HESNH
T BTG A 32T, B SR P B (B2 X &, FE, RERIADIA3 D) & L CHGRRY
72 A X N OFFEHIRRILE AT 5 72 DIHA T 5 Z £ 23T 5(Guyton et al. 2009), X
YR E o THER SN THEMERBEBGRI = RRA v M, ZROEELZNDL
EORITTEINLEERBIRAESINDZ ENTE S (Figure 2), Z 95 LTAENT=-2K
Bz, AESCHEOZY ML LU R b ORI Y &2 E TSRO X 572 5 Ml O 72
DAL AT HZ LN TE D, ZOBMENI-GE /7225 % FIH LT, McHale ©
(2012)%° EPA’s NexGen U A7 7 2 * > kLR — hU.S. EPA 20142 L » Tk b0
TWDL LI, MEINIEAD=ALETITIAEFERT U M LAREOR Yy U —7 %21ED
HTZEeNTED, Fxrld, XUBUTTTIZER6NT 10 HOEERFHEOS H, 8
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Figure 2 — An overview of how benzene induces eight of the key characteristics in a
probable mechanism of carcinogenicity. A full review of these mechanistic data is given
by McHale et al. (2012), from which this figure was adapted.

View larger image (TIF File)

2 RUBUNDDZ L THERRED O B, 8HAZFHET L0 R T RN AVDFLERA
B = ALDOEMEG - - TS OBBGHINT —Z D5ERR L E 2 —d McHale 5 (2012)I2
FoTRitsn, ZOMITZEZNBEIH LT,

Figure 3 presents a similar overview for PCBs based on data from IARC Monograph
Volume 107 (IARC 2015). In summarizing the mechanistic evidence, this Monograph
Working Group indicated that PCBs may induce up to 7 of the 10 key characteristics in
producing carcinogenicity (Lauby-Secretan et al. 2013). The less chlorinated PCBs are
associated with key characteristics similar to benzene (metabolic activation, DNA
damage, cellular proliferation), whereas the dioxin-like PCBs are associated primarily

with receptor-mediated activities.
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Figure 3 — An overview of how polychlorinated biphenyls (PCBs) may induce seven key
characteristics in their carcinogenicity (Lauby-Secretan et al. 2013). Highly chlorinated
PCBs act as ligands for the aryl hydrocarbon receptor (AhR) and other receptors
activating a large number of genes in a tissue- and cell-specific manner that can lead to
cell proliferation, apoptosis, and other effects that influence cancer risk. Less chlorinated
PCBs can be activated to electrophilic metabolites, such as arene oxides and quinones,
which can cause genotoxic effects and induce oxidative stress. Receptor binding to CAR
(constitutive androstane receptor) and AhR (a key characteristic) leads to xenobiotic
metabolism induction (not a key characteristic; brown box) that in turn leads to
genotoxicity and other key characteristics.

View larger image (TIF File)
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X 3—AR VML E 7 = = /L(PCB)B NN L TZEDRMBAAED 7 O EE 2R A H5E T
% i3 2% (Lauby-Secretan et al. 2013), & E I FEL Sz PCBs I35 &R RIL
KFEZHEMRAhR)W CMDOZHERDOY T e LTERT 2, 2RO DOZHERITNAY A7
BT D MIaEsE, TR P AB I OEOMOEREELES Z L3 TE DA E 72 I3
Rk By 515 TE < OB 2TEMET 2, KL PCBs ITEEHEMENREZEL, BB
ARNVAEFETHT L ATy RESCK / VO X ) e BUE 1~ SR b S
%, CAR (MERRINT > Rm A2 2 45(K) 40 2 AhR (EERRME) ICHEE T 2 ALK
S IBAR F B O R R E < AR R R OREE S (EERFFETIZRW A0
Ry 7 A) ITEL,

35) Recently, using this same approach, the Working Groups of IARC Monograph Volume
112 and Volume 113 (in progress) concluded that strong mechanistic evidence exists for
five key characteristics being involved in malathion carcinogenicity (i.e., genotoxicity,
oxidative stress, inflammation, receptor-mediated effects, and cell proliferation or death),
three in DDT carcinogenicity (i.e., immunosuppression, receptor-mediated effects and
oxidative stress), and two each for diazinon and glyphosate (i.e., genotoxicity and
oxidative stress), providing evidence to support their classification as probable human

carcinogens in Group 2A (Guyton et al. 2015; Loomis et al. 2015).

35) fxit, [FIL7 7' v—F %M TIARC Monograph Volume 112 & Volume 113 (1T
H) OV =% T I N—TE~ T FA RN AMEICEET 2T (TRbbEn k., B
LA B VA, RIE, ZRWIKIFIERE, MM E/21358) OFME, DDT A AMEICIE =
O (Tleb bR, ZRREENE RS LORIEA LV R) ORE, A4 7Y L7
UZ74%A FOREBAMIZIZZS (ThbbBEFEEL LA N LX) OFEZ RTIR))
TR ) 2R AL E S D Sl DT T2, TN HIE 7V —7 2A ([TIRITHER R e FHEDBA
WE L LT T 5 2 & 2SR DRI A $2 (L L T % (Guyton et al. 2015; Loomis et al.
2015),

Discussion and Conclusions

BE L

36) Identification and incorporation of important, novel scientific findings providing
insights into cancer mechanisms is an increasingly essential aspect of carcinogen hazard
identification and risk assessment. Systematic approaches are needed to organize the
available mechanistic data relevant to the overall evaluation of the carcinogenic hazard

of an agent. Information to support the identification of 10 key characteristics of human
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carcinogens was obtained during the Volume 100 Monographs and two subsequent
expert workshops. These characteristics, although not necessarily representing
mechanisms themselves, provide the rationale for an objective approach to identifying
and organizing relevant mechanistic data. Using literature collected previously by others
as well as by us, we have categorized the literature data according to the 10
characteristics for benzene and PCBs. This approach identified pertinent positive
literature for 8 of the 10 key characteristics on benzene and 7 for PCBs, thereby
providing a practical, objective method for organizing the large mechanistic literature

associated with these chemicals.

36) WAD AT =X LT 2 ik A fe it 2 HETH LWE PR L 28 L, AT 2
Tl BBAMEOEERDOREELE VAT TEARX Y NOTZDIZHEHORIIT Y >
oD, HINRBEWGRN T — 2 13d D 1EHWE OFD AHIA FEMEO KRG RIREm IS RS T &
5, ZNHDT —ZERAET HIDIERHN T 7o —F BUETHDH, & MRNAWED 10
8 O EWE /2B OMERR & SLRET D 15X Volume 100 Monographs & % D# D —-> D HLH
FU—rvayTEELTELNLZ, 2D, TROEHFOA =X LEFHAT S
H O TRV, BET DRI 7T — 2 iR LA b3 2 BBl 72 7 7' e —F |28
WIEIR 2 5.2 TV 5, Fox OB 5 o N7=HIZ X > TLARNCED b= SCikz v
T, RUEB & PCBs & 10 @ORHEICHE > THBLTe, 20T Fu—FF_BUiciL
T 10 BOEEZRFED S B, 8 &, PCBs (2B LTI 7 8w b) CYERI 722 STk & fERS
L7z, ZHUC Lo T, 26 DT WE & Bk L Ic 2o 72 Uik a Ak 5729
ICRERR TR sk E T,

37) This approach also lays the groundwork for a structured evaluation of the strength
of the mechanistic evidence base, and therefore its utility in supporting hazard
classifications. In the IARC Monographs the strength of the evidence that any
carcinogenic effect observed is attributable to a particular mechanism is evaluated using
the terms “weak,” “moderate,” or “strong”
(http://monographs.iarc.fr/ENG/Preamble/index.php). In general, the strongest
indications that a particular mechanism operates in humans derive from data obtained
in exposed humans or in human cells in vitro. Data from experimental animals can
support a mechanism by findings of consistent results and from studies that challenge
the hypothesized mechanism experimentally. Other considerations include whether
multiple mechanisms might contribute to tumor development, whether different
mechanisms might operate in different dose ranges, whether separate mechanisms

might operate in humans and experimental animals, and whether a unique mechanism
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might operate in a susceptible group. The possible contribution of alternative
mechanisms must be considered before concluding that tumors observed in experimental
animals are not relevant to humans. An uneven level of experimental support for
different mechanisms may reflect that disproportionate resources have been focused on
investigating a favored mechanism. All of these factors make assignment of descriptors
such as “strong” to the mechanistic evidence challenging; but recent experience with two
TARC Monograph meetings suggest that the weighing of the evidence on the basis of the
10 key characteristics focuses the group discussion on the available science and allows
rapid consensus to be reached regardless of the strength of the evidence base (Guyton et

al. 2015; Loomis et al. 2015).

37) ZOT 7 u—F L, EGHIRILO A O X A HEEICTMM T 57200 A TH Y,
TN EMDO S DOSIEECA T 5, TARC Monographs Tl B S N7-5 N AR
BEFERI2 A T = X LT 5 72O OO TR X 1355, W@, 78 &5 HREZ W M
SN T 5 (http://monographs.iarc.fr/ENG/Preamble/index.php), —#%(Z. HAll72 A H =
AL E MBNTND & D b T 7250, REE S vz e FE72id invitro TOE k
HifgciEoNzT —ZICHEL TS, FEORWEEREZIER L, EBRIOICEHRO A =X
DACHRER L 72 EBREMW) DT — Z 1T — DD A 1 = X LDSFEICEITILD, BIDEL T, 25
DAB=ZRLEBPADREIZED > TWAENE I, Bied A= X LR85 &
TERTA2NE I Fx DA T =X LNRE b EEREMITENTNDENE D H, £ LT
KD AT = X BPNEBEZ TR0 T NI I—F L N EI DR EENTWHD, WEkDL D
LANFHID A T3 = X LD FREMEIZ DWW T, FEBREMY) TR S b MCBIER L
LA TTRNCEB SN ARTIUT AR SR, 8D A T =X K250 T O FEBRASIFED
BREN TRV E | NRDBEWIFEIZ AR B WVDOMIENEF T 5008 LLey, Zivh
DHR O TIIAEBER AR IO PRI LT “9R” D & 5 ZeftibsB 2BV 4 TH; Ll
—>® IARC Monograph &A& CORIEDORBRIILLTOZ L 2R LT\ 5, 10 EHOEE
RIS WEARILO BAIL L > THIHTE 294 =0 ZZHONWTD Vv — 7 DiEimh
s & 720 | AR FAR O R S IR I Fu 3 e v RN o T D (Guyton et al.
2015; Loomis et al. 2015),

38) Because the literature search and categorization approach described herein is
comprehensive, it may aid consideration of the overall strength of the mechanistic
database according to these principles. In particular, it is inclusive of diverse mechanistic
evidence, enabling support for divergent or related mechanisms from human and
experimental systems to be identified. Moreover, the literature support for end points

relevant to specific mechanisms can be evaluated in an integrated manner when the
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mechanism is complex. Additionally, comparisons across agents will be facilitated,
including evaluation of any similarities or differences in the pattern of key

characteristics with agents that are currently classified.

38) Z IR ONHRE L T TV kDT 7' e —FIXafENR O T, 2 b OJFH|
(20t > THBGRIN T — 2 RX— 2D RARIN 2B OBRIER2 b D L 725008 LIz,
o7 7a—F 3R A=A LOBRIEFD T, b b EERRNOLMERT D ME
W DB DI 5h FIXEET HA D= XL ENFETE D, S HITA N = XL
THDOHRFITZD A=A LICEH#ET L= RARA > FOIERIZ X D3GR FAa b 7z
FHETIHMlCX %, MA T, LB S NWIAFAWE O BB/ FHRO 2 — OB E 7=
IIFE R ORI Z & C, IERAWEOHBNES /R DTHA I,

39) As this approach is carried forward, we hope it will facilitate the objective
identification of mechanistic data for consideration in the context of epidemiology,
animal bioassay, or other types of evidence (e.g., studies in model organisms or in
vitro assays) when classifying agents with regard to carcinogenic hazard. Equally
important is to consider whether key characteristics of carcinogens are apparent upon
exposures that are relevant to human health (Thomas et al. 2013). Overall, these
developments will aid advancement of future evaluations of newly introduced agents,
including those for which mechanistic data provide the primary evidence of

carcinogenicity.

39) 2077 u—FOREL & HIC, WAIFTUTOZ EE2MmET 5, BNAVEDOHFIEICH
L CIER®E 20T 2 L X2, 207 7 a—FRNEZE 8447 vieA 7213510
Ro 2 7 (Fx1X, %T/Vé%@ﬂ%if: Yinvivo 7 v A ) OIXHRIZE > THREHT
2 BT, BGR 727 — 2 2 BBIICHEGER LK 56 2 & Th 5, AFRICEZ R 2 &1
FERAEOFEL 72 DHRME B b OREFIZEE D 2 BT DIBRERIZRER W00 E O D ERE!
T& % Z & ThDH(Thomas et al. 2013), &KL LT, ZNHOEMIL, B2 —4
MEERAMED T DWIE 52 DIEMME E 5D T, L BGT HEMWEORROFE
iZAE S5 FMT LR THAD,
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