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Abstract Key Considerations for Mutagenic MOA AOP Draft Concordance Tables: Temporality and Dose-Response

AOPs provide a framework to describe a sequence of measureable key events (KEs), beginning with ajjlleMutagenic MOAs are distinguished from other cancer MOAs in that the chemical induces mutations in genes )

molecular initiating event (MIE), followed by a series of identified KEs linked to one another by KE[iflthat are involved in the etiology of the cancer. Non-mutagenic MOASs are those where the chemical causes Hypothetical Ideal Dose- and Temporal-Concordance Table DRAFT AFB, Data-based Dose- and Temporal-Concordance Table
Relationships (KERs), all anchored by a specific adverse outcome (AO). Each KE/KER is supported by lS@proliferation of cells with existing mutations, or in some other way promotes the growth of cancer gene mutant increasing |

data and evaluated against criteria to assess biological plausibility, weight/strength of evidence, jiSlicells, to result in tumors. Time nereasing

SpeCiﬁCity’ and confidence. AOPs offer an approach to USing tOXiCO|OgiC3.| data and prediCtive mOdeling to oltis important to note that all cancers involve both an increase in cells containing mutations in cancer critical Metabolic | Pro-riogeniotetnoiiosniitiomiontimmtnt ootittintiontmmtmclonakonpanciomatmnuiap | Hepatocellular KE Met.  [Pro-mutagemnic MSUTTICIENUMISTEpAIr Of pro- | MauCed mutation .| clonar expansion of | Hepatocellular
actualize use of mode-of-action (MOA) for such purposes as read-across’ integrated approaches to gene(s) and cell proliferation. While mutation plays a key role in both MOAs. it is an early driver event in a opb | Activation | DNA Adducts | of pro-mutagenic DNA critical gene(s) cells (pre-neoplastic lesions) | Carcinomas (ppb in diet) [Activin |Adducts mutagenic DNA adducts critical gene(s) mutant cells Carcinomas

adducts

testing & assessment, and risk assessment. Different applications will depend partly on the scientific @Slmutagenic MOA, while it may be a later event in a non-mutagenic MOA. 0 -+ (0.06) — 0

. . . : - - = 1 +(0.32) -I+ (0.09)
confidence underpmnlng. each. .KE/ KER and the pveratl AOP. An OECD program cNCOUTAYCS el T4 establish a mutagenic MOA, it is necessary to determine the (the key events both in terms of temporality i ' O 5 +(0.23) 7+ (0.05)
development of AOPs, with a wiki that allows for public review & comment to foster collaborations and

: . . . 1 ++ . -I+(0.09)
. . . . and dose-response concordance between the increase in the number of mutant cells, cell proliferation, the 15 ++(0.62) +(0.19)
broaden understanding & application of AOPs. Developing an AOP for a mutagenic MOA for cancer as a P P
case study in the OECD program lays a path towards determination of such an MOA and its use in

. . . 5 +++ : -/+(0.05)
appearance of any pre-neoplastic lesions, and ultimately tumor occurrence. = — _ TR ' >0 : Egzg ::?1',83)
chemical assessment programs. Aflatoxin B1 (AFBL), with ubiquitous exposure and a rich database, was «Useful MOA data include the chemical’s ability to cause mutations, the temporality of those induced 50 e . +++(0.8) Ratver mikp 10 0.37 prol adductmg DNA
- ' . - - . mutations, and the type of mutations that the chemical induces. The ability of the chemical to induce the 100 AR - ++(L0) Single doses % 0.46 pmol adductimg DNA
selected for this case study. AFB1 has been determined to induce hepatocellular carcinoma (HCC) via a ' Ne type o > /C y . . e = T ool adacting DA
DNA-reactive MOA in many species, including humans. The sequential KEs identified for AFB1 are as[ifflyPe(S) of mutations seen in the majority of the specific tumors adds greatly to the weight of evidence. PRI 150 393 pmol adducimg DNA

follows: pre-MIE: Hepatic metabolic activation; MIE: Formation of a pro-mutagenic DNA adduct (N7-@8@ePositive results in any one of a number of standard gene mutation assays is not sufficient. Furthermore, the *AFB, wloOipraz - - o © 5% pmoladdueiing DA

1000 16.48 pmol adduct/mg DNA

AFB1-guanine or AFB1-FAPY): KE#1: Inadequate or mis-repair of the pro-mutagenic DNA adducts; iSllpresence of mutations in the tumor tissue does not provide definitive information on MOA. **AFBlw"/"tt’razo : : aBg Bl [0.25 mgig 500 mutars 10

. . . o ) ) . . . ] ] o ] . ) ) **AFB; w/o CDDO-Im Rat i (in surrogate genes)
KE#2: Induced mutation in critical gene(s); KE#3: Cellular proliferation and clonal expansion of mutant@SleA high frequency of tumors with specific mutations (e.g., AFB,) provides a hypothesis for further evaluation. p -
cells (pre-neoplastic lesions); AO: HCC. These KEs and the various KERs—both direct and indirect—are
mapped out with supporting data for each. Assessment of quantitative aspects of the dose-response
relationships for the KEs and KERs will support its use in quantitative risk assessment.

#*AFB, w/ CDDO-Im cll/Big Blue 6 mg/kg (neonate) 900 mutants/ 10°
mouse i..p. (in surrogate genes)

*The most definitive level of proof that a chemical acts via a mutagenic MOA is the demonstration that the S _
chemical can induce the specific cancer gene mutation(s) observed in a majority of the specific tumors, and 1 thili = nfg,ig o T
that the formation of this mutation is an early event in the sequence of key events. . Such information on nsufficient || Induced | Clonal expan-sion

e or e mutatons i cancer el genes s ncommon. and urrenty, 1o sueh ermator it | | e || GTEEE | ZENY | .Chemical-specific data to support all ke events are not available for AFB,, one of the most
IS avallabie 10r 1- adducts gene(s) lesions) 1

B ac kg roun d O EC D A O PS Key Considerations for AOP on AFB; Mutagenic MOA o | ' ' studied human carcinogens.

025mg ; oIn particular, additional dose-response data on adduct levels and induction of critical gene

AFB, AFB1/kg (75% reduction)

Adverse Outcome Pathways (AOP) offers a way of organizing information for routine Starting Point: HESI DNA Adduct Committee Case Study on AFB, oo | #0070z , ) mutation(s) would strengthen the AOP on a mutagenic MOA

diet

integration of mode of action (MOA) information into risk assessment. L R @iy | oo ooz However, a preponderance of less direct data and the biological plausibility of steps, coupled

CDDO-Im"»

*OECD initiated an AOP programme, published guidance & a handbook, opened-a public wiki Pottenger et al., Crit. Rev. Toxicol., 2014 T with the chemoprevention data, support a high level of confidence in a mutagenic MOA for AFB, -

0 9 Table 7. Summery of the MOk ey evenits @whiles lor allatoxin By, vinyl chlomnde, smd (zormosien . AFB, W/ CDDO- 200 mg/kg reduction

«An AOP = sequence of key events from the exposure of an individual or population to a chemical - m | *+162CDDO-M FAPY: 50-70% +(@120 - (020 iInduced Hepatocellular Carcinoma

oveias CyPua Hicmrer ber oo mg/kg reduction)

substance through a final adverse (toxic) effect (Adverse Outcome [AQ]) at the individual level (for human RN o o Moyevems boindiestor of hey ever Aflstonin B,
. . . . Aflatoxin B1 (AFB,) la. Exposare of lzrse Al il miesmire of [ men CYP3A 4 metshalizes o AFH,
hea|th) or popu|at|0n level (for ecotox|co|og|ca| endpomtg). ! } \ }# issne. chemical, active metsbolites or oo 9-epanide that covalemly

aclive radicals, or haomerkers of Emels TN A = MT-pu=nine.

their presences in Erged issine. PBlemaire] n liver

*Key events in an AOP are definable and make sense from a physiological and biochemical perspective. w \ 33:1 i C - d . / C h I I
*AOPs incorporate concepts of toxicity pathways and MOA for an adverse effect. 2 O i, it e e o eera et et | it a ol e D I aft EV' d ence Tab | eS O n S I e r a.t I O n S a. e n g e S

nem =D& celluler = bmding ol elechophihic species. kel ey chiod; resmTEnees Lo

et lhe have ampecl on chakde=hyle; then react with

*AOPs may be related to other mechanisms and pathways as well as to detoxification routes and span A e = o Qs e Planned Uses of AOPS:

AFB, endo-8,9 epoxide

multiple levels of biological organization; AOPs often start out being depicted as sequential processes. d o _
. . . [ T . (Gicrag d&GSH& 2. Beachon wath DA an |Imcrezse in) Cherm cal -specil e AFH ~-N7T adduct amd AFH-FAPy DRAFT AFB]‘ Ta'ble for KERS: PredICtlonS based On HTP data present ConSIderabIe Cha”enges
*The detail and linearity characterizing the pathway between a molecular initiating event (MIE) and an AO |

within an AOP can vary substantially, both as a function of existing knowledge and assessment needs : ; et e e A Initial Section Screening/Prioritization: good degree of acceptance

*AOPs are modular and not resessary tied to a particular chemical; they can branch, intersect, and ot > oy o KR Defining Question High (Strong), Moderate Low (Weak) Hazard identification: likely good use but not an end in itself (RISK!)
converge with other AOPS, r6|ylng on the same KEs/KERs or arrive at the same AO via different pathS, . [ W a) Is there a mechanistic (i.e., struc- | Extensive understanding of the KER based on | The KER is plausible but Only limited or indirect evi-

. Misreplication on Chrormesanm al allerst o Frequency of somstic moussdiore

dzmaged DNA templste and gene muations. : s rreaaed in FIPRT gene o . tural or functional) relationship btwn | extensive previous docu-mentation and broad | scientific understanding is not | dence for KER (i.e., based on Dose—response OppOrtUﬂlty to mOdeI |nd|V|dua| KE RS

or misre peic of DNA aml humens ecposed 1o AFE, KE,;, and KEq,, consistent with acceptance (e.g., mutation leading to tumors) | completely established. empirical support, only (See 3.)

AOP /| MOA/Toxicity Pathways; | s | [, | [osseeee] [ omsmom | | omssteed] b Y R eolblshed ologaknowedge? | Esiaihed mechanisic bass IATA Development: good use in identification of gaps/useful research

Properties - e - . T : T T T .
. =iE s AFB APy aduc Hepatic metabolic activation Biological Plausibility of the pre-MIE => MIE is Strong

* Induction ofinflemmatory L Skm epidermis)

Comparison across Scopes Metibolism _ cyslkinas and sacface - = — _ S o - directly 0 formation of pro- Rationale: Long-established knowledge of the metabolism of AFB1 to specific reactive electrophiles that form pro-mutagenic DNA Q uan t'_ | tat | ve R| S k AS sessmen t - ap p | | C at| on Of AO PslM OAS | N

Pensmaton +  Mobilizatioms DCs | W ataTE m oo :!n_';l Mutions in enooegenes or omdaor pd S mdatons in liver mutagenlc DNA adducts adducts.
pene s dn e pl et ing =T LT T

a (L. proseias, .-'-J i ] _':' yarget cell. ] ) Pro-mutagenic adduct formation | Biological Plausibility of MIE => KE1 is Strong. Chem|Ca| assessments su pportl ng regLIIatory deC|S|On-m aklng s
Electrophise | v Actvationofmfammmery] |« 5"“’“ o directly to Insufficient / Mis-repair | Rationale: not much direct empirical support but strongly accepted.

substance

H. M |.|:_-:i-:|1|.-\.uji:|| _n.'ri :in_t;l | !‘nii;t:i;.;ull i Ln'e'-\.':l_'blrir :'I::_'.-lni-:I:itl:e'. Iy .;-.L'El-:mm]l;:u il dlats __-'.';iIJ_-':l_E'ﬂ: of pro-mutagenic adducts . . . .
BT S IS 1 m enh=Ence L IMr sl EOTH O e midEhons assoc Eled wakh L
DNAfcell megrhcation. 1|_|.r.'|f;1' ;_1]| i gen |I‘{'.‘-\-I A, mnlattion ol apopioss. Insufficient/Mis—repair direcﬂy to Bi0|ogica| P|aus|b|||ty of KE1=>KE2is Strong > Q u antltatlve AO PS . | ntrOd u Ctl O n Of Dose- Res po n Se VI a KE RS
e Induced mutations in critical Rationale: Long established knowledge : Empirical data from yeast with defective repair systems leads to increased mutations—infer . . . . . L . L
- New cell replication Hizwrlogical identification ol Appearance of GSTP-positive K gene increased mutations in critical genes - g p
leadds ey clonal expanson groryith ol abnomal o=lls of m the livers of rals and ather Induced mutations directly o Biological Plau5|b|I|ty of KE2=> KE3 is Strong > H I I I Crlterla- B I O I O ICaI P I aus I bl I Ity IS a. C rltl Ca.l AS eCt
clonal expansion of mutant cells | Rationale: Necessary. Based on chemoprevention studies, HBV, and the plethora of initiation-promotion studies.
Figure 2. Ovenview of the organization of content pages in the Adverss Outcome Pathway Clonal Expansion directly to Biological Plausibility of KE3 => KE4 is Strong

wiki relative to sections of the ADPtemplate. Sections 1, 4, 5a, ar ] - . . . . . . . . s Concordance of dose-response relationships between key and end events
are found on the main page for an individual AOP. information related ion S — MIE, KE, and AC descriptions HCC Rationale: Long established knowledge; the plethora of longer term initiation-promotion studies provide much evidence of the link from o Dose-response relationships for key events would be compared with one another and

e — - Itis clear that (1) AFB, can induce mutations in gene mutation assays; (2) AFB, induces HCC clonal expansion of foci to HCC. i e o sl

= Are the key events always observed at doses below or similar to those
AOP Page KE Pages AD page
Chemical initiator|s

in a variety of species, including humans; (3) there is a high frequency of a specific cancer nehect Pro-mutagenic adduct | Biotogical Plausipity of MI® > KE31s Strong . " . ¢ remersaso

« Measurement/ to AHF Rationale: Based on the relationship of adducts to AHF, data on chemopreventive agents that specifically decrease adduct formation also -
" ; o Key events and adverse outcomes would be evaluated to determine if they occur in

x| OECD AOP Wiki: gene mutation (codon 249 of p53) in the human HCCs found in people in regions with high decrease the occurence of AHF.

* Reguiatory relevance ) . . . Indirect: Pro-mutagenic adduct | Biological Plausibility of MIE =>AQO is Strong Dose_Response and Temporality ifi
Public, structured forum to capture AFBl exposure, and (4) the type of mutation seen in the human tumor (COdon 249 of p53) IS the to HCC Rationale: The relationship of adducts to HCC depends of two well-established relationships between adducts and AHF and between remporal Modified & proposed by

; . . . . . . AHF &HCC. B fth ll-established relationships, the biological plausibility is judged to be strong. = D
and present AOPs for review, same type of mutation that is seen in the surrogate gene mutation assay. Thus there is a high e TS S e | Boogea P o KE2 A0S Stong O =2 ey e ey B. Meek et al., 2014

weight per day)

s.K::p_ag::- ic evidence supporting the inkagesin the AOP comment, and use, with Guidance | evel Of Conﬁ d ence that, AFBl haS a mUtageni c MOA fOr HCC in humans Rationale: The relationship of mutations to cancer is well-established. However, what is not clear is whether mutations observed early in 22

the cancer process are the same as those observed in tumors. However, the relationship of adducts to AHF and AHF to tumors are both

and Handbook to advise on entry strong . thus this indirect KER is also strong. '

« Description
- Biolosical plausibility (10/ppm) 4 weeks 52 weeks

s iy B process and review. Available at
e 1 aopkb.org DRAFT AOP Key Events (1/2015)
» Pre-MIE: Activation to exo-epoxide by hepatic metabolism et stttk s
AOP Flow Scheme (1/2015) e I e

» MIE: Formation of pro-mutagenic DNA adducts T ot s s et st it s

mode of action?

> KE#l- I f—f' . t . . . f t . DNA dd t Chemical Molecular Cellular Organ Organism ° ES:;:Z::;:::::L?:::;,:t?::;nmakesensebaSEdonbmaderknowmdgﬂe'g”
» USEPA proposed development of an AOP on mutagenic MOA for cancer to OECD - INSUTcient repair or mis-repair ot pro-mutagenic adaucts s it Response Response Response

*Proposed to ACC ARASP as a dual project to develop two AOPs under OECD » KE#2: Induction of mutation in critical gene(s) r\ (\ > Determination of Scientific Confidence: KEY ISSUE

Mutagenic MOA for cancer (USEPA & ex-NCTR scientists on the team); > KE#3: Proliferation/clonal expansion of mutant cells (pre-neoplastic c
’ . Hepatic Formation of Insufficient Mutati 9 1 1fi ]
' ' ' i - i vati e (e Expansion/Cell || Hepatocellular Scientific Confidence Framework for AOPs

Mode of Action Pathway
—
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Modified Bradford Hill Considerations

EiAHDIA

4 weeks 52 weeks

*‘Non-mutagenic’ MOA for cancer from genotoxic chemicals (VAM & PO) lesions/altered hepatic foci (AHF)) A Proliferation to Carcinoma e
form Pre- g§:§E§ ﬂn.:;.rﬁ;gf map existing) sper.h"ic assays to key events within the

*Dual project ARASP sponsorship agreed in early 2014. > AO: Hepatocellular carcinoma (HCC) * neoplastic AHF AoP

Conduct (or document) Analytical Validation of each assay

*Both AOP proposals accepted into OECD AOP programme. W | Develop new (or map existing) models that predict a specific key evert fom || Proposal from BIAC

one or more pre-cursor key events. (The input data for the prediction models

*Planned completion/OECD wiki entry for these qualitative AOPs by 102015 DRAFT AOP Key Event Relationships (KERs) (1/2015) Direct KERS ot of Goremens) Susshedlon of e Adokon MU (R. Becker/ACC)

Utilization: defining and documenting where there is sufficient scientific

-Proposed AOP for Mutagenic MOA for AFB1 HCC presented here; available at . ‘ — | confidence to use one or more AOP-Based preciction models for a specific

i purpose (e.g., prionty setting, chemical category formation, integrated
D Ir eCt K E RS . testing, predicting in vivo responses, etc.)

I N d | I eCt K E RS : ) e - Dissemination of all necessary datasets, mode| parameters, algorithms, ete.
Pre-MIE — MIE Indirect KERs . e to enable fully independent verification and peer review. This will also enable

other investigators to more readily add datasets and improve the AQP.
1 " - N P - /\ MIE — KE#3 @
O bJ e C t I V e S [ ] O f O r M u t ag e n I C M O M I E - K E#l This framework was presented at 2014 50T : “Improving the Development of Adverse Outcome
—> Pathways: Lessons Learned from the AhR Rodent Liver Tumar and AhR Avian 'I'el.;ll;ﬂgﬁl'u-:_'lt-,'_,-'
MIE — AO

K E#l — K E#2 Embryclethality A0PS" The Toxicologist, Abstract 2253, page 602,
o _ o KE#2 — AO . . _
1. OECD-agreed, quantitative AOP developed using AFB1 as example, which incorporates KE#2 — KE#3 » Application of OECD Approval Process: still under development!

aspects of dose-responsg fqr different key events based on.availablcle dgta KE#3 — AO Sponsored by ACC Center for Advancing Risk > Address/Incorporate public comment from public Wiki: TBD
2. Stepwise approach: gualitative AOP, then develop further with quantitative aspects Assessment Science and Policy ( ARA SP)
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