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Backerpunp: A recent reviews by the International Agency Tor Research on Cancer (IARC)
tpdater the assessments of the micre then » 100 agents classified a8 Group 1. carcinogenic to
husvers (LARC Monographs Volume 100, parls A-FJ. Thissercise was corpplicated by the ebeence
of - broadly accepted, systernatic method for eveluating wenistic data to supy i usions
regerding hirnan hazerd from exposure fo carcinogens.

OpEcrives anp MEeTHOoDS TARC therefore convened ban worlshops inowhich an international
Working Group of experts identified 10 key characteristics, one or more of which gre commonly
exhibited by established human carcinogens:

Dhscussion: Theasharanteristics: provide the besis for an objective approsch 1o identifying and
orgpinizing resulls from pertinent mechanistic studies, Thd© characteristics are the abllities of an
agent to (1) act s an electrophile either directly or after bolie activation: (2) be genotoxic;
(3) adter DNA repair oF cause geniomic insibllity, (4) Induce epigenetic alterations: (5} Induce

oxitlative stress; (6) induce chronic Inflarmmation; (7) be immuncsuppressive; (81 modulate
recentor-mediated effocts: (9) cause immorialization; and (10} alter cell proliferation, oell death, or
nutrient supply.

CoNcLUsion: We describe the use of the 10 key characteristics to conduot a systeatic literature
seproh focused on relevapt end polnts and construct a grapbical represeniation of the identified
mechanistic iInformation. Mext, we e benzene and polychlorinated biphenyls as ecrnples to ilius-
trete how this epprosch mgy worlc i practice. Thepprosch described Is simillar Tnimany respects
to those currently bedng imp wmm @M by the US. ERPAS RIS Integrated Risk Informration System
Program and the LLS,. National Taxdoolooy Program,

CiTaTion: Smith MT, Guylon MZ;, Glbbons CF Fritz JW . Portier CJ, Rusyn 1, DelMarini DM,
Caldwell JC, Mavlock R, Lambert P, Hechit 85, Bucher m Slevart BV Mm . Cogliano M,
Steaif W 2016, ey chiracteristics of carcinogens as 2 besis for organizing data on miechanisms of
carcinogenesis. Environ Health Perspect 124:0000-0000; hitp:/ dcdol.org/ 10 1 289/ehp. 1509912

introduction acoepted systematic method for identifying,
Recently, the International Ag@“zmy for o nd surmmarizing mechanistic

Research on Cancer (IARC) cor r"E““‘@d a data for the purpose of decision making
review of al s Group 1 human carcinogens  in cancer hazard Identification was readily

and updated information on tumor sites  avallable. Second, the agmm docurnented

and mechanisms of carcinogenesis (IARC  and listed as human carcinogens showed
Monograph Volume 100A-F) (http://  a number of characteristics that e
monographs.iarc. fr/ENG/ Monor taumf among many carcinogenic agents, Many
PLIFsine About half of the sgents  human carcinogens act via multiple mecha-
clessitied | up 1 had been lest revi Wiﬁ nisms causing various biological changes

e

than > 25 vesrs ago, before mechanistic in f
FW fgmmémm‘f‘ in evaluations of
mqa city. In addition, more recent

5 have demonstrated that mar Y CANCEr

he multlstage process of carcinogenesis.
Indeed, cancer wes once described by refer
ence to causative agents, wi ith multistag
development of tumors being charac

studies

hewards reported in eartier studies were later  through the i mwam of particular chemi-
observed to also cause cancer in other organs  cals described a8 inftiators and promolers
or through different exposure scenarios  of cancer, Qutw:que tly, muttistege devel-
(Cogliano et al. 2011), opment of cancer was ident f(;d with
In compiling and updating the informe-  morphological char ”tge being correlated
tion for Volurme 100A-F, two owerarching  with genetic alterations. The mon rmm
lssues became apparent, First, no broadly  description by Har "zahm and Weinberg of
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attributaeble 1o chemical carcinogens may be
distinet by mutational analysls (Westcolt
etal 2015 (A
2018” is not in
list. Please correct the citation,
add the reference to the list,
or delete the citation. ™) but all
neoplesms exhiblt the hallmarks. A recent
cormputational toxicology st u(ﬁy has shown
that chemicals that %m the targets or
pathways s among | the hallmarks of cancer are
likely 1o be ca nic (Kleinstreuer ef al.
2@%3}(”*%, zinstreuver et al,
20137 is not in the reference
list. Please correct the citation,
add the reference to the list, or
delete the citation.”* "} Inaddition,a
series of reviews in Carcintgenesisby members
e Halifax Project Task Force used
ki ‘&h@ hal EE rks famwwm\m to identify
the carcinogenic potential of low doses and
mixtures of chemicals (Harris 2015},

in 2012, participants at two workshops
convened by the IARC in Lyon, France,
extensively debated the mechanisms by
whiich egents ident f@dmhumm CAICINQgENS
(Group 1) t)mdmw cancer. Thparticipants
concluded thal carcinogens frequently
exhibit 2 1 or of 10 key charscleristics
(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 mechanisticend points. Thegre not
mechanisms in and of themselves nor are they
adverse outcome pathways.

Further, we describe how the 10 key
characteristics can provid aar sis for systermn-
atically identifying, organizing, and summa-
r"“““"%g r“rmhamsséé@ information as part of
the carcinogen evaluation process, Thé) S,
nvironrmental F’s“ Hon Agency (ERA) and
the National Toxicology Frogram ( N““‘E“W} i
E‘w United Stales, a5 well as the IARC inter-
nati %a&%y, have recognized a need for such
an approech (Roorey ef al. 2014). Thel S
National Research Council (NRG) empha-
1 the need for consistent, tre ‘
y@sﬁﬁmaf“u aw oaches for the identification,
evaluation, and integration of data in the L} ‘?“‘,
EPASs n m o Fisk Information Sy
(IRIS) assessments of carcinogens and else-
where in human health hezard assessments
(NRC 2014,

Frogress in the systernatic evaluation of
;i evi demw on | Mcm adv& ree heslth

..;3‘“‘

through a
by evider
201
p
that 1
and dive

oayéd md ne {Kou&a&» el al.
. However, me ham@m study databeres

t a challer ”t@‘ ‘ w@mm reviews in
studies are typically both numerous
eporting on a multitude of end

points and toxicity pathways. One recent  consideration of the mechanistic evidence
example of a syster ma? ic é;«:pwm h mﬁmhw rather than fmm ing narrowly on indepen-
for studies on end | ine dm? mechanistic hypotheses or pathways
cancer-refater henist , d@m- solation
Hiying and | mechanis m @v%d@mm M@m in, we d@mo%‘
on di(2-et Hyéh@xy% phithalate, a chemical ‘
with a mrm plex datal > 3,000
esearch papers (Kushman et al. 2013). In ‘
publication, the categories of mechanistic a5 examples, The rmtmm tic
evidence were cﬁe"z&f =] from a compendium f:ie;mdy databese fm both of these chemicals
of published reviews, Thispproach may be I large, comprising ever > 1,800 studies for
difficult to translale to agents with m%mws- F:)é?: and almost 3,900 fof FCBs, many
sial or limited mechanistic evidence, 11 als W%‘é:h mumpfc Wmmn M i end poir W 5, W@
wou%d not permi ? COrT g‘)a\rmm; ar |
including attemplts {
ties or di “? ?w noes we?h hurnan carcinogens. \ mmm@ usi ”zg ahthizing
Further, it may be biased against the most % le ,&mr‘m indica hurman and
recent mmm stic and molecular epidemi- c,m@réwmaé an “rwﬁ mj 5 that reported
mmm es that have not been thesubiect of ”mi points miew t to each omw@; istic.
a prior expert review. To further | their polential contribu-
To facilitate a a«;y@ ematic and ugiipe i ‘ W(’“B carci wgmm';», we
approach 1o org ”zq wmhan acteristics info a graphical
mi»&&wmj to mmév niative of an overall mecha-

ra‘i“& { hc: aﬁ:mé'ua—

anﬁ‘ the E%@mw@
: méy@hf rinated biphe-

, o t ARG Monographs (Guyion
ci al. ZOM me é 2{?}’%‘“} W@ ap plied

=nitial hurman carci wgem A sig {
advan m&; of this approach is that i & wwuid
encompass a wide range of end points of legorz ed objective cons
known relevance o wm'mg@nw@w iden-  ation of ! hcm el t@vmn? mEc ic inforrma
tified through examination of i:hezf IARC  thereby advancing amaiwm of hypothes
Monographs on Group 1 carc mech mmmw and toxicity pathways, Because
Mechanistic topics can be | ”zf“Eud@d B mechani @ data may provide evidence of
of whether they have been the su : care mm& city, and can play a role in up- or

' s of any parti fcular chemical. This  downgrading an evaluation based on cancer
‘ «:ﬁzu@mob;m? ty that could reduce findings in animals, we s ’iﬁ%? hat this
lance on rt opinion, as well as facili-  systematic approach o zing the avail-
tate compari Sons ma@m% Moreower, at  able data will assist future EAMM Working
i essenee, the appreach ey afford a brmd Groups and other agencies in evaluating

nsider-

Table 1. ey characteristics of carcinogens.

Characteristic Exarmples of relevant evidence
1 lselectrophilic orean be Farent cormpound o metabolite withean electiophilic stiuchre (e, epoxick,
metaholically activated duincre)-eter fornation of ENAzrd protein ecdducts
2. 1s genotoxic DINA dlamage (DNA strard breaks, DNA-protein cross-links, unscheduled
DNAsynthesis), ir Wt%‘aw'm gene mutations, cytogenetic changes
(eq, osome aberrations, micronuclel)
Sohlters DNArepalr o catses Alterations of DNA replication orrepair (e topoisomerase ||, base-exdision
genornicinstability ordocble-strand breslkcrepair)
4. Irchuess epigenetic alterations DINA methylation, histone modification, microRINA expression
5 Inchaces wridative stress Gioyger radicals: oxdative sltress, oxidative darrece to macromolecules
ey Db lipids)
6. Inchices chionic inflarmmatior Elevated white blood cells, myeloperaxidase activity, altered oytokine and/or
chiemeokine production
Fils Innuncsipporessive [i)ear@%&{‘i irruriosupvellance; imine systerr dysfunetion,
8. Modulates receptor-mediated coeptor infactivation (e.g., BR FRAR ARR) or modulation CRT
effects ligands (including homnones)
9. Causes irmortalization Inhibition of senescence, osll transformetion
10 Altersieall proliferation, cell lricresser myiaf@ra‘am lecressed apoplosis charges in growth faciors.
death or mirient supply energetics and § I waling mﬁ‘mﬂw related to oé%iiulﬁ i replication orcell

cyile eonfrol angiogeresis
ﬁx!»bmv ations: AR aryl hvdrocerbon receptor BRY estrocen recentor PRAR nerosdsome proliferator-aetivated

vorume 124 numveeri | Month 2016 t Ervironmental Health Perspectives
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c@em&;m potential hurman carcing
clally in the sbsence of convincing epid
logical data on cancer in humans,

Description of the Key
Characteristics of Carcinogens
The number of ways by which agents
contribute to carcinogenesis can be extensive
éf all biochernical or molecular end points are
reidered, However, these mechanisms can

wgfwumd o a mz?m number of @a?r@o—

es (eg., genotoxicity, iImmunosuppressic
tery Guyton el al, (2009) & 3
bedd 15 types of “key evends” assoch e“zi”@:ﬁ
humam carcinogens tm? collectively
nied many mm nogenic mechanisms,
torretal-2008) The experts presen’
cﬁar the first of the TARC meelings in 26@@2

originally identified 24 W%h&:&m@ ic end
points with several e«;uwa?@gm n @mh
This numbet‘ of end points wes consic
too imprac Emagw ide t‘wmm{w
literature md the Working Group m qed
Um“%w?«wr s into 10 at the second “*rmt ing
in 2012, concluding that E%uwm CAICINOGENS
cornmonly show z 1 or-mere of the 10 key
characteristic properties listed in Table 1.
Th represent ?h(@z mm; rity of estab-
lished perties of human carcinogens as
described below.

Characteristic 1: Is Electrophilic or
Can Be Metabolically Activated to
Electrophiles

Electrophiles are electron-sseking molecules
that commonly form addition pr odueu,
commonly referred {o as adducts, with
cellular macromolecules including E:)NA
RINA, Hipids, and proteins, Some Gﬁw’mwt
carcinogens are direct-acting electrophiles
wheress others require chemical convers mn
within the body &alnikow and Zhitkovich
2&”20&} or biotransformation by enzymes in a
FOCESS f@ med metabolic activation (Miller

<

- Exa iples of direct-acting electro-
r;::h ilic carcinogens include wuifu rmustards
and ethylene oxide (Batal et al. 2014,
Grose el al, 2007, IARC 200 ,Wu&&yﬂ et al,
2005y, The GE&W:»EC examples of chemical
apents that mqu'w metabolic activation
to become carcinogenic include poéycy@i
mrm ic hyd rocarbons, arormatic amines,
N-nitrosamines, aflatoxins, and be @,
whi h by h@zm%%vm are relati Wzéy inert
{‘%Eo@m al, 1980, Smith 1996}, A number wf
enzymes, including cytochrome F450s, flav
monoe- mxqugm prostaglandin synthase
and various peroxideases, can bi mmmzﬁ:}
relatively inert CL”&Q”WC@? commundg to
potent toxic and carcinogenic metabolites
or reactive intermediates {Hmt 2@’%2
O'Brien 2000}, Thebility to form adducts
on nucleic acids and proteins is a common
property of these inherently electrophilic and/

or rmetabolically activeled human carc
(Ehrenberg 1984},

Characteristic 2: Is GGenotoxic

Théerm genolgggsthrenberg et al, 1973}
(*ﬂ“%w: o ée::‘?;‘?*“)mfam O an
agent that induces DNA darmege, mutation,
or both. mm damage can be spontanecus
in origin | hmuqh errors of nucleic acid
metabolism or can be induced by mnqu-
encus or exogenous agents. h 5
the exogenous agents may also b
ated endogenously, such as fwmméd@hydu
and acetaldehyde, producing a background
level of DNA damage. Examples YNA
damage include DNA adducls (@ molecule
bound covalently to DNA), DNA strand
breaks (bregks in the phosphodiester bonds),
WINA crosslinks, and DNA alkyviation. DNA
am@ by Hae %f w a mutation and gener-
ally does not al h@ linear sequence of
nucleotides (or bages) in the DNA, wheress
a mutation is a change in the DNA ssquence
and uwua":‘séﬁy arises as cell &

inogens

repair the DNA damage NG
Delarin 20003 AU: Bgire Y

Mutations can ba; classified into three
groups s besed on their location or involverrent
in the genome. éi,} or point mutations
are chamq% m@%@m de sequence within a
gene (e, bes iu‘;zwm frameshifls, and

srrall delet wfdur E tons), Chromosomal
mutations are changes in ﬂuﬂfﬁ-fﬂ ide sequence
that ext @md m@ Fulti iple genes (e.g., chromo-
wwm aberrations, translocations, large dele-
ons, dup% ws% jons, insertions, inversions, or
mwmucé due to chromosome breakegs
Genomic mutations involve the duplica-
tion or deletion of nucleotide sequences of
an entire chmmm)mﬁ an @x&mpé@ of which
Is aneuploidy or formation of micronucled
zw contain a centromere. A large propor-
on of Giroup 1 carcinogensare genotoxic, &

c:%m,uma w n ARG Monographs Volur
100 A-F, w e HPReRes M
% Thel > ot »}I{H L s ‘\JY /'w "

URL mmuvﬁ;ﬁﬁd onp. 1)

Characteristic 3: Alters DNA Repair
or Causes Genomic Instability

Norrmal cells avoi id delelerious mutations by
replicating thelr genomes with high eccuracy.
However, the fidelity of DNA replication can
vary widely depending on the DNA poly-
merase involved, introducing the possibility
of error. Inceed, most spontaneocus mutations

are wum E:}y p(:)%yrm F (Mreston et al.

hez ab i y m co w errorns aEE affect
he outcome of this process {Armma md
Kunkel 2010}, Asa consequence, 5N
processes that determine DNA-replication
fidelity can confer strong mutator phenotypes

Environmental Health Perspectivest vowune 124 woviesr#t | Month 2016

istic properties of human carcinogens

that result in genomic instability. Thus,
carcinogens may act not only by wwdua’ ng
INA damege directly, but also by altering
the processes that control normal DYNA repli-
cation or repair of DNA damege. Examples
include the inhibition of DNA repair by
cadrmium (wmmmm al, 2010) and formal-
dehyde (Mc[”s et gl Z&‘”}M}

CGenomic instability s a well-recognize
festure of 1 *nmy cancers (Bielas ef al, 2006)
and is considered o be one of the enabling
characteristics of cancer éHanahm and
Wein t:»&s:r@ 2011}, Cells cxp«wd oni; ‘ng;;
radiation have qefwf?' m?a% Hy t a
?@Eeﬁi‘?"wéy late~occurring event that appw %
several cell generations after | mﬁa‘tém and
results in a reduced ability to replicate the
genot ym?ﬁ %quEy (K%i mm . 20?2&} The:
events indicating genomic instebility i ”&Céwfc,
ons, gene mutatio
w amp i, "E't

ch romosome: abarm

{FE()GZQ’EZ)

Characteristic 4 Induces
Epigenetic Alterations

Théerm “epigene

fic” refers to slable chan
in > expression and chromatin organ
tion that are w% c,aumd by changes in the
LN A sequence it self and can t:)c ér herited
over cell divisions (Herceg et al, 2013).
Epigenetic phenomena, includis w changes
to the DNA met hylome and chromatin
cornpection states, along with histone modi-
fication can impect the wm NOgenic process
by affecting gene expression and DNA repair
dynamics (Herceg ef al, 2013} A wide range
of carcinogens have been shown 1o deregu-
late the epigenome, and It hes been suggested
?tw their mechanism may nvolve disrup-
on of hanisms (Fogribny
“sc% Ruwr 20?3) However, evidence for a
causal méez mf w c}m@ ic c;han@m h cancer

mechanism of carcit 10@@
2013). Hereog-and-oth
(2013} have described a
dermonsty af ”&q the impert
wqmrw l hanisms :
that those r@mmﬁ
for Vaéurmﬁ iOﬂ in ZCJ% mci 2000 ** AL
Note: I can’t find a volume dated
2009.%**) were evalualed by EM’%C
Worki ing Groups before new dala r
epigenetic effects became avalla <
evolving ares will generate new rechanist
data in the vears to come.

(8]
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Characteristic 8: Induces
Cidative Stress

Many carcinogens are capable of influencing
reciox balance within farget cells. If an imbal-
ENCE QCCUFS, fa\fo ing fOk«’""ﬂdE ion of reactive
oxyoen and/or nitrogen species al the expense
of their defoxification, this is referred to a8
oxidative stress. Reactive MXW}P”& mm and
other free radicals arising from t ”zféamw
metion, xenobiotic metaboliam, in t erruption
of mitochondrial oxi da Ve hmpmwta’f on
(Figueira el al, 2013}, or reduced turnover

of oxidized cellular commm 3 may play
key roles N many of the pro 5 NECESEArY
for the conversion of ”}OWH&E we to cancer

cells. However, oxidative stress is not unique
to cancer induction and is essociated with a
number of chronic disesses and pathological
conditions—exg-for c,xammc, cardiovescular
disesse {K&yaxma et al. 2015), neurod
erative disease (Chen ef &, 2046 zmw}, and
chronic m‘ffamma{ lon (Suman el al. 2015).
Oxldative s Is also a cormr mw occurrence
in neoplastic tissue and can be part of the
tumor environment {Surmn cj al, 2015y,
Oxidative damage m considered a major
factor in the generation of m a‘&'w«“ in
NA, and over > %QO different types of
oxi da ive E;)Nf‘x darmage have been 'dm? fled

(Klau al, 201, A lesst 24 bess modi-
fi w"? ”m are produced by reactive oxygen
species, a5 well as D NA-protein crosslinks

and other Emom (Berquist and Wilson
2012y, all potentially leading to genomic
instability, Oxi da ve damage 1o FT)NA can
lead o point mulations, deletions, inser-
tions, or chromesornel irakmfmfz(>vﬁa which
may cause oncogene activation and turmnor
SUPPIessor insc vaf"or and pof 1‘?”
initiate or promote carcinogenssis (Ber qu
”deE »n 2012; Klaunig et al, M"E’E} Thus
the induction {}f oxygen md E wdu
Q@Eéufar gury is a characteris st of
diverse carc inogens, includin ”&g m«f’ on,
asbestos, and carcinogenic infectious agents.

Characteristic 6: Induces Chronic
Inflammation

Chronic inflammation from pers
tent infections, such as that caused by
Helicobacter pyiori, m WEE s that mmdu@@d
by chemical agent %&u@% ing s itica ur
asbestos fibers, tfm bmﬂ associated wit
several forms of cancer (Grivennikov et ¢ E
2010), Indeed, inflammation hm been
hyy ized to contribute to multiple
aspects of cancer developrment and progres-
sion (Trinchiert 2012) and Is an enabling
halimark mf cancer {Manahan and Weinberg

2001 Inf nma? ion acts by both intrinsic
and extrin )Eﬁ?h‘ﬁfﬁfcﬁy% Fersistent infection
and chronic inflammation disrupt local

v cell g
acruitment md activati

tissue %‘mm&m? sis and alte

leading to the reo

'gwé'nq,
on of

inflarnrmatory cells. Thessonsti mza extrinsic
Mﬂ"m«:ﬁyﬂ linking infla ”nma? to cancer
(M mf’f awt% Radons 20“%2} On he other
hal m rinsic pathways driven by active
tion m{ mm’m-wwzmww n pre-neoplestic and
neoplastic cells r t host- d@r vad inflarm-
rratory cells thet cﬁ:ﬁm%emm turnor promotion
and progression {@mf@rméﬁwz et aé“ 20?0}“
ng links exist between inflam
rretion and the inducti om of oxi da?v&z stress

)

and genomic instability, it may be difficult to
separate out the Importance of each of these
rrechanisms.

Characteristic 7: 1s
Immunosuppressive

Emmummrxr:}rmém s arn
sity of the immune

cuction in the
m to respond
ntigens, including
turnor cells, P@mm&wm? irnmuno-
on presents a risk of cancer, espe-
EEyc, oess risk for lymphorma, For c,xampi@
immunos m)m ion poses a significant
risk when it s a‘mmmmﬂ ted by continui ng
axpmum to foreign antigens, such as in
wmma wi‘?‘h orgEn ‘Emmp%anm or when
it occurs in indiv duaim who are latently
infected wit h a Carc w;m ic virus {Ma e
and Smith 2007; Smithet al, 2004). Immune
suppression differs fmm other mechanisms
of carcinogenesis in that agents that cause
irrmuncsup ‘“M may not directly trans-
form normal cells into polential tumor cells,
Fotentially neop Emt ic cells that arise nam—
rally, or that have been trarsformed by othet
carcinogens acting by a mechanism such as
genotoxicity or by the various mechanisms of
action associated with carci mgmzc viruses,
escape immune survelllance in fmmm@—
suppressed individuals, As a result, survival
of these cells and their replication to form
tumors is greatly facllitated by | mmum
MMJL ession, Several care ”e@gmaa(% en’ iy
v largely by immuncsuppression, Qf?e:zn
concert with other Group 1 agents, @ﬁmﬁ’;mﬁéy
oncogenic infectious agents. Th oup 1
ager atl act by immunos umr‘m'@n

(;ffm tively fo foreign
antigens on

include hum% immunodefic "zcy vir
(HIV-1y and the emmu nosuppressive dr u@
cyclosporin {%?far?yu 1 2012).

Characteristic 8: Modulates
Receptor-Mediated Effects

Numerous carcinogens act as ligands to

receptor proteins, includir ’tg wammuwé
hormone therapy, 2,3,7 8-tetrachloro dibenzo-
pere-dioxin and PCBs (Wallace and Redinbo

20?3} Receptor-mediated activation broadly
falls into two categories: (a) En‘%::rm@%utw acti-
vation, med ated by 1 mc% r receplors that
translocate c:; the nucleus and act on DINA
& transcrip r on factors (Aranda and Fescual
2001 & md {b} activation of cell surface recep-
tors that induce signal-transduction pathways

nq "m E 'ﬂd""u:} W"
mmqex nous i qamf iwmvef

o E 'a@;o vy COMpe
receplors for which few or w mdwgm S
ligands have been identified, such as the aryl
hydrocarbon (Ah) receptor (Baek and Kim
2014; Ma 2011). Receptor-mediated activa-
tion most mf en resulls in changes in wm@
transcription. Molecular pathways tha
r@@uéa‘t@d ‘2: ough Hgand-receptor | “}E@;m@-
tion and are most relevant {o carcl 'm&mmmm
include cell proliferation (e.g., &“;f mulatio
of the norn *ma% proliferative patl
the case for estropen-dependent
hormone therapy), xenobiotic met
apoptosis, as well as modulation mf t
bicavatlability of endogenous ligands by
affectir ”z@i synthesis, bioacti vats{m and
degradiation {Wmh'mm and Kong 2002).

Characteristic 9: Causes

Immortalization

man mm md RINA viruses,
mm hurr E@oma&/wu

virus, K

:fs

Several hu
including v
m]]]]]\j;:) stein-Bary
@f@é %@rpam

{Bwuvmd et a 2@0@ |

"hese viruses have
evolved rmulti picz mm%@cuia mechanisms {0

rupt specific O%EEHE“‘ pathways to faoé
berrant r@mé on, f‘xE hough oncogent
belong to «:? fferent families, %h(@z
gies in hurnan cancer development show
many simi es and involve viral-encoded

iarit
oncoproteins targeting the key cellular

proteins that regu I growth (Sa ha et al,
J). Recent studies show that virus and
host interactions also occur at the epigenetic

in
leve f{AEEd&y 20113). Thessult of viral
effects Is o immortalize the target tesue cells
such that U“wy am not subject to zm Hayflick
i he: point at which cells can no longer
veto m E\% darmage or shortened felo-
meres (Khingethutz 1899). For example, the
humen pepilloma virus t wm@‘ (HM-16) E6
and E7 oncogenes are selectively retained and
expressed in cervical mmé nomes, and
sion of E6and E7 s sufficent to
humean cervical epithelial
Kiyono 2009},

Characteristic 10: Alters Cell
Proliferation, Cell Death, or
Nutrient Supply

“here are at least three scenari o8 r@ém@d

cinogenesis in whic
“““‘E(:mf mm;%fw

=

g*

; ””&@ m cancer-
4k utations in replicating cells;
her hes atlempted to identify sustained
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re

plication as a key mechanistic event; and
a third describes the ability of a t ,mmfm rmed
cell to escape normal cell-cycle control
and to continue replication. ﬁ\ component
commen fo all thres seenarios s the C%EOL
of apoptasis or other ferminal programm "Iq,
including amopmgy, inat lesst a proporti
of the cell population (Ryter et al, 2014,
Necrotic cell deat pro-inflanm-
matory signals into the surrou nding tissue
ricroenvironment, recruiting inflammatory
immune cells fo the site of 1 travme, which
can enhance cancer-cell proliferation and
promote cancer metasiasis (Couseens and
Foliard 27%, Coussens et al, 2013 Follard
mm) n contrast, various forms of apoptosis
anl aumwmqy {Cﬁmé%um ietal 201 c:a} have
the opposite effect by removi "1@ potentia
cancerous cells from a pog mE bafmr hey
acquire the changes permitt "zq malignancy.
Mmy agarmaffm? NECFCBIS, amp mm and/or“

In addition to cell death caused direct
by agent toxic y cells may die within a
Eumwr as a result of an impalred nutrient
t D Ey Nma viastic cell wmb@m can incresse
; uickly wu?&«;?ug ng the supply
{ existing tissue vascula-
ture, E‘\Em«m@ NEsis, in wh ch new blood
vessels grow intoat turmor, is key o providing
this supply of nutrients, “E"hma agents that
promote or inhibit amgm@;@w is will promote
or delay tumor growth (Hu et al, 2015).
Cancer cells also usually show quite
different cellular energetics, relving on glycol-
ysis for energy even under serobic conditions
(Rajendran et al, ZQM} Although a likely
consequence of mutation and ammd gene
expression rather than a cancer-inducing
mechanism, any modi fw% on m‘ cellular
getics may reflect an important cancer-
relevant switch in the 0@%%53 or tssue's meta-
botic state.

Using the Key Characteristics
to Systematically ldentify,
Organize, and Summarize
Mechanistic Information

Step 1: ldentifying the Relevant
Information

Thetarting point for systematic evaluation

s to cmo%uc I comprehensive searches of the
peer-reviewed lterature aimed at identifying
mechanistic data (Kushman et al. 2013). The
segrches can be const ruc fexd to address & series
of study questions in the PECO (popula-
tion, exposure, comparator, and outcomes)
?rameww K (M Qg ne md Green 2011)
wherein end poin s associ fated wil E”t Et“w sz

characteristics are identified. Specifical

qum{ ons to be answered by the mmh@m s
“Does exposure (o the agent induce end

»»»»»»

Characteristic pro

“f“h@ Wpu%a?
c,xrwmem al @y&&mm)

and relevant metaboli
(the unexpos comparisor
tion) should be ¢ »uf? clen Ey «m to éd&ﬂ‘t:‘zf‘y
a range of available mechanistic data informe-
tive of the overall cw%ua on of carcinogenic
hazard, This approach thus entalls compre-
hensive, targeted literature searches using
appropriate medical ssarch heading (MeSH)
ferms and key words to identify evidenoe on
the 10 key characteristi mf@ the agent(s) or
EXPOSL f@( } under evalu .

Additional compl ntary literature
sEarches mﬁy incorporate ferms for the a@mt
and its metabolites, aiamr or in mmb ine-
tion with broad ¢ tlerms fo carcinogenicity
or related effects. For instance, me:w us
‘:::w;ﬁ\ T WHMMWK tﬁf}'“m l;K\ ¥ » ‘b” & & k
IRIS toxicological reviews also @nmmm&% a
range of non-cancer toxicitles, “lop-down”
broad lerature ssarches alr meff at compre-
hensively identifying studies on all potential
toxic effects of an agent are employed (NRC
2014, UGS, BERA 2014}, These comprehen-
sive ssarches of peer- rwwmd literature are
supplemented by examining pest [ARC
Monographs or other amm ative reviews,
databeses (e.g., PubChemn), and peer-reviewed
gwa rnment reports can also be system-

atically ssarched. Thesarch ferms used and
literature retrieved can be docurrented (eg.,
using MyNCBI, whic vamm& ches of the
National Center for Biotechnology detebass,
oF hittps: //hawcproject.on gf b

smbmsn(

Step 2: Screening and Qrganizing
the Results

sect on é Eu and abstract review, studies
identi fm EEy are @méwﬁ&d if no data on
m?aboé te are mpwr?m or

the: cherni m? or
if no data on toxico
related effects of the cl prc\wdc%d
E?“{:)r“ ample, a s‘:;mdy on levels of a chernical,
but not effects of the chemi cal, would ba
c,méua@d included studies are ?,Mﬁ (:;mwm
by the mmu%a? on (human or experimental
5 ns) and by the md points assoc «tamd
with | h@* 10 k@ym cleristics (see Table 1),
Studies relevant to toxi mk netics (covering
absorption, distribution, metabolism, and
excretion }a@aw cim?fed Additi owtéy,
authoritative, comprehensive review &
are identified, as are studies reporting
toxi wmq cal end points in cancer target
and non-target tissues. These may i %%ucﬁ@g
moy pmm cal evaluations pertaining t
the dysfunction of organs, tissues, e:md mEE
Importantly, studies reportingend points that
are relevant to muki m&a ckmw’t@w “i ics may
fall under several calegories

\.4«
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To Hiustrate these two steps, lar q«&?@d
lHerature searches were cor wmw
cznd points for the

n mpu% ation
}(W imental systerns,
hes were conducted
scessment Workplace
tive ( HAWG} Literature Wmmh tool
h?&m f/hawq torgl), documenting the
arch terms, sources, and articles retrieved.
%EE@W ing title and abstract review, studies
Were mcéz @(ﬁf they were not about benzene

or ifts mels 5, or if they reported no data
on ?w\ méoc:; cal @nd points. ncluded studies
were further sorted into ca ey s repre-
senting the 10 key characteristics bamﬁ%f on
the mmm stic end points and species evalu-
ated (Le., human in vivo, human in vitro,
mammaéean i vivo, mammalian in vilro,
nonmanmmalian; see Figure 1). Thégureaiso
identifies reviews, gene expression studies, and
articles relevant to toxicokinetics, toxicity, or
eptibility.

Step 3 Using the Key
Characteristics to Synthesize
Mechanistic Information and
to Develop Adverse-Qutcome
Networks

i is increasingly evi de:z
biological E?wa?mm or
perturbation 2CER5a
normal oa,ié ‘?‘(:} a fray
mately a tumor (Ha “zam maﬁ W@‘ [
20@’%} Carc wg@'m awm m a‘?‘?@d b

T
<”‘“W
{

that multiple
sets of different
y to conwv

dum

cx?{ ,hmugh mwi, pée mechanisms I
cancer and other ad health {:)u‘?mu"n%
(Goodson et al, 2015, ton et al, 2009).
Using the 10 key characteristics as a ma,
the collected informeation can be
form hyp 5 and eve dem ary
support for mechanistic even's & a funclion
of relevant aspects (e.g., dose, species, fempo-
ralityyretel (Guylonet al, 2000). 7

and complex mechanistic end points elicited
by benzene can then be organized into an
overview inclusive of multiple elterations and
any linkeges | h@m)?{ lgure 2). Theesulting
overview can provi u'dmm for further
: ture, including dose
miwwm species mfawnoa md lempo-
rality of events. This additional detailed
information can then be used o produce
roposed mechanisms or adverse oulcome
rmmweﬁy networks s described s by McHale
et al. (2012) and the EPA’s NexGen Risk
Assessrment N‘wpw (US, EPA 2014), We
note that there is evidence that ber Is
asociated with 8 of the 10 key charscteristics
we hane described,

Figure 3 presents a similar overview for

PCBs besed on data from [ARC Mol :
Volume 107 (IARC 2015).(*** AU

‘<ﬁ

(4]
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the mechanistic evidence,
Working Group indicated {
ﬂdu@@ up to 7 of the 22‘” kwy characteristics
producing carcinogenicity (Lauby-Sec
c%; al. 2013}, We-nele ?M The less chlori-
mw« &  ZCia) mw f t«@y ot%wmr-

the: dioxdn-H M P&m mmea @d pr marily
with r m;twmw +activities

Recently, using this same awpmam
the Working Groups of TARC. M b
12 and Volurme 113

concluded | rong mechanistic evidence
exists for fvu key character mms being
involved in malathion carcinogenicity (Le.,
genotoxicity, oxidative stress, inflammation,

o —
1841/}mewmwwf 1841
w N

Benzene (2014) Section4

Figure 1. Literature flow diagram, illustrating the systematic identification and categori
sted literature searches were conducted for the 10 key ¢ :
sction 4 refers to the location of the discussion of mechanistic data within the 1ARC Monograph structure (hitp//monographs iarc. fr/EZNG’
udiesother0708.php . All inclusion categories were expanded to document the number of studies attributed to each, down to the
hurnan information when > 100 total studies were identified. Less freuently encountered key charac-
left unexpanded for clarity. "Human” refers o both humans exposedin vive and human cells exposed in vitro.

terms and key words,
hawcproject.org/).
Preamble/currentb

¢ blue-shaded circles) were

el, which were expanded to illust

receptor-mediated ef
tion or death), t

diszinon and
and oxidative sty
@um:x, %wmm”

carcinogens in Qmup 2A {Ouymr a% al.  tve approsch to (ﬁ@:ﬁ ifying and organizi

2015; Loomis et al. 2015),

d cell prolifera-
n DDT carcinogent
pression, receptor-mediated  carcinogens wes oblained during the Volume
effects and oxédﬁ“vwg } amd ‘EW@ m“h fm” 100 Monographs and

§
§;
[
T
{}
*%
9;
o
><

Discussion and Conclusions
|

d@mf tion awi incorporatio

on of mpo

city

t. Information to support the identifi-
of 10 key characteristics of human

two subssquent expert
y workshops, These characteristics, although
not mmmmy representing memtmm@mw
UWWEW» provide lonale for a wb;@a-

relevant mechanistic data, Using H ‘

collected previous y Uy others as well & by

Us, we he&wa m,@gm izad the liter mum (iam
- cﬁcmrd ing to the 10 characleristics ‘m

tant, ww! tific findings providin ﬂg zene m«ﬁ FCBs, This approach ident
insights into cancer wmf‘mmw fsan incress- pertinent positive literature fw & of t f
”zg@y escential aspect t of carcinogen hezard w key characteristics on benzene and 7 for
identification and risk assess nt. Systeme i POBs ,obw Wwv ,&mqam :;mmb‘mm

[ ches are ness ’ﬁjf o organi e avail-
able mechanistic da‘m mﬁ@m o the overall hermicals
evaluation of the carcinogenic hezard of an

Benzene (2014); Literature Tagtree

Exclusion

o (=
[ 552 o Not chemical or metabolite
! e

Review

Xicif ln cancer non-target tissues

“ — ’(f“)

No toxicological info

1 Electrophili ty/mebolic activation

L ~Foxicity.in'cancer target tissues ; *'/1%
1289 i S W(/\% /2 Genotoxicity Human
N Toxicokinetics
Inclusion iy 4 .
71 3Al DA repair or.genomic instability
Susceptibility LS (%)
/Aﬁ;;;:netic alterations
Studies informing mutiple cha;ﬁgjtﬁristi icroarr MM)WW@ 44)
82 5Oxidative stress Human

Key characteristics of carcingge

Hon process for benzene mechanist
cteristics using online tools

o
",
o
———®

'NQWChronic inflammation

. —
\V\Qn\@:lnosuppression Human

8 R eptor-diated effects

NG !mmolisation

306 21

10 Altered cell proliferatén, death or nutrient supply. - Human

[abi@ fmm ﬁ HAWC E”mj@ct (

individual
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Thispproach also lays the gwmdwmk
for a structured evaluation of the !
of the mechanistic evidence base, md there-
fore its utility in supporting hezard clessifica-
tions. In the TARC Monogr hs the strength
of the evidence that any carcinogenic effect
observed s due atiributable m a particular
mechanism is evaluated usi ”tq Uzezz erms
“wesk,” “roderate,” or U http//
monographs. iare, fr/ENG/Pream P“ le/ 'M@zx
phpl. In g@mm% the strongest indications
that a particular mechanism orx::fa s in
hurnans derive from data obtained in exposad
hurnars or in hurman cells in vitro. Data from

from & the hym ?mm
rmechanism experime ﬂaéty C} her consider-
ations | ”ECEUd{f: Wt’w?mr muttiple mechaniarms
might contribute to tumor development,
whether di ffw@m mha niams might operate
in different dose ranges, whether separate
mechanisms m ”e‘;m operate in humans and
experimental animals, and whether a unique
mechanism megm operate in a susceptible
group. Theossible contribution of altery
tive mechaniame must be considered before
c;mcéud"’eq that turnors observed in experi-
mental animals are not Wzi@sfaﬂ? to humans.
A uneven level of experimental support for
different mechanisms may mﬁ@w‘é that dispro-
portionate resources have been focused on
i j favored mechanism. All 0"?
riment of descripte

such a8 . mechanistic evi d@nm
chatlenging; but recent experience with fwo
IARC M(; nograph rrcm? “kgm sugpest | laf
the weighi besis of

the 10 key characleristics fmu«m t
dzﬁ“mem on the aval
pid corsensus 1o be reached regardiess of
Eh@ strength of M@ evi dmw@ bese (Ciuyton
et al. 2015 Loor
Because the liter “aamm Mﬂmh and catego-
rization approach described herein |
hensive, it may aid consic

e Qroup
oe and allows

overall strength of the mechan
ancording to these principles, m m ficu

is Inclusive of diverse mechanistic evidence
enabling support for divergent or related
mechaniams from human and experimental
systems {0 be identified. Moreover, the
literature : rend points re tt
specific mechanisms can be evaluated in an
integrated feshion manner when the mecha-
nism Is complex. Additionally, com

parisons
across agents will be facilitated, Includi

evaluation of any similarities or differences in
the pattern of key characteristics with agents
that are currently classified.
Mg this ap h is carried Torwerd, we
%@m will facilitete the objective iden 'f’
on of mechanistic data for r consi d@w% ion

Characteristic properties of human carcinogens

Metabolic Activation

v

Oxidative Stress

Modulation of

Genotoxicity. Receptor

|

Altered DNA Repair;

Altered cell
Proliferation

l

Immunosuppression Epigenetic alterations

““‘igwm 2 ffm overview of how berzene induces
carcinogenicity. A full review of these mechanisti
figure was adapted.

ht of the keﬁy characteristics in a probable mechanism of
ic datas given by is McHale et al_(2012), from which this

dioxin-like

ortho/para

substituted
-

less
chiorinated

Receptor Mediated Metabolic Activation

OIS (AR

Genotoxicity Oxidative Stress

Xenobiotic Metabolism Induction

|

Receptor Mediated

Receptor Mediated

Immunosuppression

Chronic Inflammation

“‘"iqmm 3. A overy 'eﬁw of how polychlorinated biphenyls {% s) may induce seven key characteristics
in their carcinogenicity (Lauby-Secretan et al. 2013). Highly chiorineted FCBs act as ligands for the aryl
hydrocarbon receptor (AR and other re rs act wtmg 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 chloring act mtm to electrophilic metabolites, such as arene oxides and guinones,
which cani’ d induce oxidative stress. Receptor binding to CAR[**AU:

define € cm(i AP#R (d i{cmf c:%'mram{ stic) leads to xenobiotic metabolism induction (not a key
Eh&% context of epidemiology, animal b mﬁy“ characteristic; bmw N eebblue box) that in turn leads to genctoxicily and other key characteristics.
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dies in
vs) when
‘ “E mgzm to carcinogenic
EEy 'r‘mm fant Is {o consider
ties of carcinogens are
% sz are relevant to
al, 2013). Overall,

éd@nm (&
i vitro

hazard, Eque
mew %«wy ctwac*m

fi

human [“mé‘?:h{ Fw
hezm developments EE id advancement
vatuations of newly introduced
pigas, including t for which mecha-
stic data provide the primary evidence of
carcinogenicity,
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