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<EPA

United States
Environmental Protection
Agency

Partners in Regulatory Decision-Making

« Capitalize on available data

Clean Air Act
Clean Water Act
Resource Recovery Act
Endangered Species Act
Food Quality Protection Act
Endocrine Disruptor Screening Program
Federal Insecticide, Fungicide, and Rodenticide Act
Frank R. Lautenberg Chemical Safety for the 21t Century Act
Comprehensive Environmental Response, Compensation, and Liability Act
Guidelines for Deriving Numerical National Water Quality Criteria for the Protection of Aquatic Organisms and Their Uses

Confidence in decisions, with limited data available, limited resources for testing, strong backing to reduce animal use
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Stakeholder Identified Challenges || % (K&

* Limited or no toxicological data for the animal or plant species of
Interest — reliance on surrogate (model organisms)

* Impractical to generate new data for all species
 Testing resources are limited
« EPA directive aligns with international interest to reduce animal use

* Ever-increasing demand to evaluate more chemicals in a timely and sometimes
expedited manner

* Sensitivity of species must be estimated based on scientifically-sound
methods of cross-species extrapolation
« Immense diversity of species in the wild
 Important challenge for species listed under the Endangered Species Act







Chemical Safety Evaluation

* Protect human health and the environment
« Ensure that chemicals in the marketplace are reviewed for safety

 Challenging mission:
 Tens of thousand of chemicals are currently in use and hundreds are
Introduced annually

« Many have not been thoroughly evaluated for potential risk to human health
and the environment

» Chemicals tested across species: Even more sparse

Universe of Chemicals in
the Environment




Surrogate species (model organism)




“EM.... Strategic Approach to Species Extrapolation

Agency

Computational:
Bioinformatics (Session 2 Demo)
Systematic review

Case Examples:
PFAS targets

Pollinators

Experimental:

Site-directed mutagenesis
Attagene XS-2 Factorial assay (Dr. Blackwell)

Endocrine pathwaysgese
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TOXICOLOGICAL SCIENCES, 153(2), 2016, 228-245

Society of doi 10.1093/toxscifkFw119
TOXJCO]_Ogy Advance Access Publication Date: June 30, 2016

. . Research article
e www.toxsci.oxfordjournals.org cscarcharmee

Sequence Alignment to Predict Across Species
Susceptibility (SeqAPASS): A Web-Based Tool for
Addressing the Challenges of Cross-Species

Extrapolation of Chemical Toxicity

https://segapass.epa.gov/seqapass/ Carlie A. LaLone,*" Daniel L. Villeneuve,* David Lyons,” Henry W. Helgen,*
Serina L. Robinson,%? Joseph A. Swintek," Travis W. Saari,* and

Sequence Alignment to eSS
Predict Across Species
Susceptibility

(SegAPASS)



https://seqapass.epa.gov/seqapass/

= \What Information 1s required for a SeqAPASS query?

1. Protein
2. Species

Chemical-Protein Interaction

Knowledge of the species for which the Key Event was developed

Compare to Millions of Proteins

Chemical Molecular Target o From 1 housands of Species

In Target Species

11

T Greater similarity = Greater likelihood that chemical can act on the protein
Line of Evidence: Predict Potential Chemical Susceptibility Across Species
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Flexible Analysis Based On Available Data

Level 1‘{ Primary Amino Acid Sequence Alignments

Level 2| Conserved Functional Domain Alignments

Level 3 | Critical (Close Contact) Amino Acid Conservation

segapass.epa.gov/segapass/

Gather Lines of Evidence Toward Protein Conservation
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> SeqAPASS Predicts Likelihood of Similar
Susceptibility based on Sequence Conservation:
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yes

Line(s) of evidence indicate

* The protein is conserved

* The protein is NOT conserved




“F._ Evolution of the SegAPASS tool

* v5.0 (Nov. 2020): Develop visualization (Level 3), Develop Decision
Summary Report

* v4.0 (2019): Improve visualization, user guidance, summary tables,
Interoperability

* v3.0 (2018): Develop visualization (Level 1 & 2), automate Level 3
Susceptibility Predictions

* v2.0 (2017): develop Level 3 Susceptibility Predictions
* v1.0 (2016): Develop interface Level 1 & 2 and integrate essential

functionality

RUN
FLY




"’EPA Strategic Approach to Species Extrapolation

Computational:

Bioinformatics (Session 2 Demo)
Systematic review

Case Examples:
PFAS targets

Pollinators

Experimental:

Site-directed mutagenesis
Attagene XS-2 Factorial assay (Dr. Blackwell)

Endocrine pathwaysjs



Deiodinase 3: Important enzyme in thyroid function

‘ lodothyronine Deiodination |
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Site Directed Mutagenesis to Probe SeqAPASS Level 3

Mutate hDIO3

P W)
ORISR

B e T
—

Amazon molly
Shortfin molly

Sapphire devil

Southern platyfish

Goldlined spinefoot

Torafogu

Sailfin molly

Threespot wrasse

Princess parrotfish

Striped parrotfish

Frogs and toads

Tivo-lined caecilian

Puerto Rican coqui
Caecilians

Tropical clawed frog

Gabon caecilian
American bulifrog
Coelacanth

Sea lamprey

hDIO3 mutants:

Sealamprey C168G
Fish T169S

Fish C239S _
Frog A240R

Lungfish Y257A
Sealamprey Y257F

pcDNA3.1/
plasmid
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Sequence Allgmentto Predict Across Specics Susceptiily (SeaAPASS)

Computational:
Bioinformatics (Session 2 Demo)
Systematic review

Case Examples:
PFAS targets a
Endocrine pathway s

Pollinators

Experimental.
Site-directed mutagenesis
Attagene XS-2 Factorial assay (Dr. Blackwell)




< EPA X > U.S.EPA Toxicity Forecaster (ToxCast)

U.S. EPA ToxCast Program:
US EPA ToxCast Program: Uses mammalian cell-based assays to rapidly screen chemicals, identify putative molecular
targets, and identify those most likely to be endocrine disruptors

Step 1. Set up Step 2. Data collection

Step 3. Data QC and
ELELEH

Key Questions for Consideration:

 How well does this mammalian-based prioritization approach reasonably reflect potential impacts on other
vertebrates?

* Can we expect chemicals that interact with mammalian receptors to also interact with receptors of other speciesp7
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Hierarchal Framework for Evaluating Pathway
Conservation Using Existing Evidence

Analysis of structure

|

across species USing iN  cep
silico computational tools ' I T"e"

In silico approaches (e.g., for proteins)

Primary amino acid
Functional domain
Indevidual residues involved in chemical binding

— > Environ Toxicol Chem. 2016 Now;35(11):2806-2816. doi: 10.1002/etc.3456. Epub 2016 Jun 28.
Fi I lul . . . S
: "h mr: T - : = Evaluation of the scientific underpinnings for
i . Tier Competitive binding assays identifying estrogenic chemicals in nonmammalian
cvoitr:op:::oi: :ifvaovzlsltarzleel: — - Gerald T Ankley 1, Carlie A Lalone 2, L Earl Gray 3, Daniel L Villeneuve 2, Michasl W Hornung
g -~ ~
receptor data
- * In vivo studies
Tier *  Apial responses to chemicals
3 and adverse outcomes
o o - What other important endocrine targets
have a large base of pre-existing structural,

Assemble Evidence for Pathway molecular target, and toxicity data?

Conservation

for Defined
- Androgen Receptor (AR)

Risk Assessment Application

18



Assessing AR Conservation Across Species Using the SeqAPASS Tool

° Invertebrates Level 1: Analysis of AR Primary 3. Level 3: Analysis of Conservation of
erteprates - - . . . . .
il : Amino Acid Sequence Individual Amino Acid Residues
T E 9:\?;:::;35 250 species evaluated
ém 59’ i . Shared
: .& : Taxonomic Group # of Spp. Susceptibility
;| Tﬁ | Mammals 117/1 Yes/No
5 Hé . : . "Y" Lizards, Snakes 11 Yes
N . M M N Turtles 3 Yes
° L ‘ _ HL Birds 58 Yes
| .
10 PR Crocodiles, 4 Yes
ol Alligators
Amphibians 13 Yes
Coelacanths 2 Yes
Eel-shaped 1 Yes
Species Taxonomic Class Bony Fish 87/1 Yes/No
Sharks, Rays 4 Yes
2 & . Vertebrates Invertebrates Level 2: AR Ligand Binding Lungfish 2 Yes
] Domain
907 species

evaluated

» Across all three levels, SeqAPASS results suggest conservation of
AR across vertebrate species

« Overall, these predictions suggest that chemicals that bind and
activate AR in mammalian-based assays, are likely to interfere with
AR in other vertebrate species

» Line of evidence for pathway conservation

19



Evaluating Existing Data to Extrapolate High-Throughput Androgen
Receptor Screening Data Across Species

Fewer Resources ( Less Cercainty > Environ Toxicol Chem. 2016 MNow;35(11):2806-2816. doi: 10.1002/etc.3456. Epub 2016 Jun 28.
k Structural Conservation (Molecular Initiating Event f Evaluation of the scientific underpinnings for
\‘ " '".Si'i‘;gi:ﬂy’:‘::n‘;hifd (g, for proteins) ] identifying estrogenic chemicals in nonmammalian
Tier «  Functional domain I taxa using mamimalian test systems
\ ! g y
* Individual residues involved in chemical binding
“ \ I " Gerald T Ankley 1, Carlie A Lalone ?, L Earl Gray 3, Daniel L Villeneuve 2, Michael W Hornung A
' ________ . _________
‘\ I 1
1 I Functional Conservation (Cellular Response) | "
\‘ Wer * lntoesers Iy Systematic Literature Review: A type of literature review that
er ) ompetitive binding assays
v b eebicral ot axeer 4 uses systematic methods to collect secondary data, criticall
\ = !
v/ appraise research studies, and synthesize findings

Comparative f‘"‘?""e: ‘d‘?’ﬁ""“"’ Response) * Using existing evidence (literature), we can evaluate the
* In vivo studies . . ; . -
scientific basis of our cross-species predictions

Apical responses to chemicals
and adverse outcomes

e Advances in data science can improve this workflow

More Resources Greater Certainty

Eeidence Tor Pathway Conservation « Gathering in vivo and in vitro data from vertebrate species
exposed to known androgenic compounds provides
additional lines of evidence for the conservation of the

biological pathway across species

20



Evaluating Existing Data to Extrapolate High-Throughput Androgen Receptor
Screening Data Across Species

Conservation Across Species

Yes
No

—

/ Systematic Evaluation of In Vitro \
Cross-Species Data

GquPASS Evaluation of Structurm ; )

/

)

Conserved? - - -
‘ Systematic Evaluation of In Vivo "\

Cross-Species Data

* Apply pathway to other targets of interest
* Repeat process to account for the emergence of new information 21

-

Weight of Evidence for Pathway
Conservation Across Species for
Defined Risk Assessment
Applications

J
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Sequence Alignment to Predict Across Species Susceptibility (SeqAPASS)

Computational:
Bioinformatics (Session 2 Demo)
Systematic review

Case Examples:
PFAS targets x
Endocrine pathways s

Pollinators '

Experimental:
Site-directed mutagenesis
Attagene XS-2 Factorial assay (Dr. Blackwell)
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United States

Environmental Protection

Agency

&
\ Prédictive
Approache
PP

/
Sequence

MTMTLHTEASGMALLHOMIGMELEPLNRPOLEIPLERPLGE
WYLDSSKE PR NYPEGAMTE FNAAAAANADWYGLOTOLFYG
PGSEAAAFGSNGLGGFPPLNSVEPSPLMLLH PPPOLSPFLO:
PHGOOVPYYLENERPSGYTWREAGPPAEYRFNSDNAROQGGR
ERLASTMDKGSMAMESAKETR ASGYHYGWWSELD
EGCKAFFERSIQGHNDY IDKNRRESCOACALR
KLYEVGMPAEGGIRED EHEROQRDDGEGRAGEVSG
SAG DMRAAN LW FEFLAI KENSLALSLTADORVEALLA
EFPILYSEYDP TRPFSEASMMGLLTMLADRELYVH M INWAKY
PGPDLTLMDC VM LLECAWL EILMIG LVWRSMEMPGELLFA
PHLLLORNOGKCVEGMVEIFDMLLATSSAFRMMNLOGEEF
VOLKSILLMSGYYTRLSSTUESLEEKDHIHRVLDEITDTLIHLM

Yes or No
Susceptible or Not Susceptible

e

i Structure Function

Structural-based
comparisons of similarity
Predicted binding affinity

23



= Advances In Drug Discovery/Development

/ Ligand X (4g[e

Structure derived ‘ Ligand Z
fromX-ray = |——-—TT—-——-=——=——=——-==

crystallography Bioinformatics Toolbox:

Molecular modeling
Molecular docking
Virtual screening

Human
Protein Structure




“H™ . Application to Species Extrapolation

Human Ligand X 210 Turtle ST 2nd

Protein Structure Protein Structure

I . 1st
Fish
Protein Structure /

2nd
A @

~ar-
Ligand Z

LA ... JB @4—'-!— €<
. *

Ligand Z Ligand Z

Fro g e e 2nd B 11‘d Ligand X PA101 F ly

Protein Structure Protein Structure Protein Structure

C
* @y

Bioinformatics Toolbox:
Molecular modeling
Molecular docking
Virtual screening
Molecular dynamic simulations

lst
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United States
Environmental Protection
Agency

SeqAPASS Results from Level 1
Query Sequence FASTA + FASTA from 100s
of Aligned Sequences
Across Taxa

 >NP_001434.1 Protein X [Homo sapiens] :
! MSFSGKYQLQSQENFEAFMKAIGLPEELIQKGKDI !
! KGVSEIVQNGKHFKFTITAGSKVIQNEFTVGEECE !
! LETMTGEKVKTVVQLEGDNKLVTTFKNIKSVTELN !
! GDIITNTMTLGDIVFKRISKRI :
>NP_787011.1 Protein X [Bos taurus]
MNFSGKYQVQTQENYEAFMKAVGMPDDIIQKG
DIKGVSEIVQNGKHFKFIITAGSKVIQNEFTLGEEC
MEFMTGEKIKAVVQQEGDNKLVTTFKGIKSVTEF
DTVTSTMTKGDVVFKRVSKRI

! >KFQ76585.1 Protein X [Phoenicopterus ruber
' ruber]

! MSFTGKYELQSQENFEPFMKALGLPDDQIQKGKD
1 IKSISEIVQDGKKFKVTVTTGSKVMQNEFTIGEECD
i [EMLTGEKVKAVVQMEGNNRLVANLKGLKSVTEL
i NGDIITHTMTMGDLTYKRISKRI

L

Zm=x

[n]

1 >NP_001116883.1 Protein X [Xenopus

E tropicalis]
! MAFAGKYELVHQENFETFMKAIGLSDELIQKGKDV
1 KSVTEIQQNGKHFIVTVTTGSKVLRNEFTIGEEAE

1 LETPTGEKVKSVVKLEGDNKLVVQLKAITSTTELSG

DTITHVLTLNNLVFKRVSKRV

'
'
e

— 100s of FASTA

———————HN

Sequences

Template

Graphic Modified from Zhang et al., 2019 I-TASSER gateway: A protein structure and function prediction server powered by XSEDE Figure 1

Sequence

MTMTLHTKASGMALLHQIQGNELEPLNRPQLKIPLERPLGE
VYLDSSKPAVYNYPEGAAYEFNAAAAANAQVYGQTGLPYG
PGSEAAAFGSNGLGGFPPLNSVSPSPLMLLHPPPQLSPFLQ
PHGQQVPYYLENEPSGYTVREAGPPAFYRPNSDNRRQGGR
ERLASTNDKGSMAMESAKETRYCAVCNDYASGYHYGVWSC
EGCKAFFKRSIQGHNDYMCPATNQCTIDKNRRKSCQACRLR
KCYEVGMMKGGIRKDRRGGRMLKHKRQRDDGEGRGEVG
SAGDMRAANLWPSPLMIKRSKKNSLALSLTADQMVSALLA
EPPILYSEYDPTRPFSEASMMGLLTNLADRELVHMINWAKV
PGFVDLTLHDQVHLLECAWLEILMIGLVWRSMEHPGKLLFA
PNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEF
VCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRVLDKITDTLIHLM

Iterative Threading ASSEmbly Refinement
Develop Models for 100s of Species Based on Aligned Sequences
(I-TASSER; https://zhanglab.ccmb.med.umich.edw/I-TASSER/)

Structure assembly

Structure re-assembly

Full-atomic

Clustering refinement

Generate
Protein Structures
For 100s of species

Cluster Centroid Final model

tructure

UCSF Chimera

DockPrep Structures and Minimize Ligands

Protein Structure Models
From 100s of Species

Ligands of Interest for Docking

AutoDock Vina

Dock Multiple Ligands to Protein Structures

70 1212 2.436 0 0
70 2148 6.837 1 1
69 1128 204 0 0
69  44n 7.133 0 0
6.7 3.27 7.552 0 0
67 2637 3.461 2 2
66 1572 3516 0 0
66 1725 3.368 0 0

Chimera Model #3.1

conocoo~ofd
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Novel in vitro Methods for Ecological
Species: Evaluating Cross-species Differences
in Nuclear Receptor-Ligand Interactions

B.R. Blackwell, D.L. Villeneuve, G.T. Ankley, C.A. LaLone, J.A. Doering

- Office of Research and Development a
Center for Computational Toxicology and Exposure, Great Lakes Toxicology and Ecology Division Progress for o Sironger Future



= Chemicals in the Environment

e Hundreds of chemicals detected in
Contaminant Pathways the environment

* Contaminants of emerging concern
mun% a"d:‘; ~
Discharges

(CECs) include those with limited
toxicity data

* Recognized as critical data gap by
stakeholders:

e “ * OCSPP; OW,; Regions: Great Lakes
< National Program Office (GLNPO)
o H A * Effects-based monitoring a tool for

understanding impacts and potential
risks of contaminants




m

nvironmenta | Protection

~ Environmental Monitoring with Attagene TRANS-FACTORIAL Assay

FXR
PPARdL 8 AR

VDR RARg —_
NURRL 4 RXRa PY PX R
HNF42 5 GR PY E Ra
, Do the human receptors
iR * PPA RV - adequately represent
e GR sensitivity of aquatic
RaRg vertebrate receptors?
* PPARa
« RXRB
—

LXRb

Among the most frequently detected
o am nuclear receptor activities in surface
water samples
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* To date, high throughput screening has been human centric

* Unclear how well mammalian HTS assays represent
vertebrate diversity, let alone other phyla.

* Not feasible to include all taxa in a HTS screening program.

How can we strategically select the minimum number of
representative species that cover the maximal range of

variation in sensitivity and specificity?




<EPA

United States

Environmental Protection

Agency

w GAL4-NR, | | |
GAL4 RTU, ©
“(Em)-
GAL4 RTU,
o e
[}

(]
GAL4-NR.,
GAL4 RTU,,

ik

profiling
reporter RNAs

U

The NR activity profile

k=]
o

NR Class Species Sequence ID
ER1 Danio rerio NM_152959.1
ER2a Fish Danio rerio NM_180966.2
ER2pB Danio rerio NM_174862.3
ER1 Amphibian Xenopus laevis [NM_001089617
ER2 Xenopus laevis [NM_001130954
ER1 Reptilian | Chrysemys picta [NM_001282246
ER1 Avian Gallus gallus |[NM_205183
ERa Mammalian Homo Sapiens |NM_000125
ERB Homo Sapiens |[NM_001437
AR Fish Danio rerio NM_001083123
AR Amphibian | Xenopus laevis |[NM_001090884
AR Reptilian | Chrysemys picta XM_005279527
AR Avian Gallus gallus  |NM_001040090
AR Mammalian| Homo Sapiens |[NM_000044
TRa Fish Danio rerio NM_131396.1
TR Danio rerio NM_131340.1
TRa  [Amphibian| Xenopus laevis [NM_001088126
TRa Reptilian | Chrysemys picta XM_005294120
TRa Mammalian Homo Sapiens |NM_199334
TR Homo Sapiens |[NM_000461
PPARYy Fish Danio rerio NM_131467
PPARy . Mus musculus |NM_001127330
Mammalian .
PPARYy Homo Sapiens |BC006811
PXR |Mammalian| Mus musculus [NM_010936

Attagene EcoTox FACTORIAL Assay

Considered 5 vertebrate classes
Focused on endocrine NRs

Differences in sensitivity among
vertebrate classes were generally
minor for ER, AR, TR.

Fish PPARy was substantially less
sensitive to classic PPARy agonists
than mammals.

- Medvedev et al. Harmonized cross-species assessment of endocrine and metabolic disruptors by EcoTox FACTORIAL assay.

Environmental Science & Technology 2020 54 (19), 12142-12153. DOI: 10.1021/acs.est.0c03375. >



e Species Selection

Is the selection of one representative vertebrate from each class the
best way to cover the potential variability in sensitivity?

Could available information be used to guide a more strategic selection?
 Documented species differences in sensitivity to ligands

Amino acid residues identified as critical to ligand binding in one
or more species

In silico analyses of conservation/variation in aa sequence using
SegAPASS

- ¥ ¥




Zebrafish

Plaice

Sea Bream

Clawed Frog

Rat

Mouse

Human

> 200-fold difference in
transactivation of PPARy
by Rosiglitazone

AN
)Ks O™ | N"

0

0.2 0.4 0.6 0.8 I 1.2

Relative Transactivation
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United States

= SegAPASS Analysis

https://seqapass.epa.gov/seqapass/

@ Human O European plaice

"2 ¢ Houerows & Zebrafih « Compares amino acid sequence information for

| = Norway rat
® A African clawed frog

= sl all species for which there are data in the NCBI
. * 2 protein database.

 Level 1-Primary Sequence

vl  Level 2 - Conserved domains

:  Level 3 —Individual amino acid residues
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e Example SeqAPASS Level 3 - PPARy

® Only 4 positions showed important differences in amino acids among PPARy

® 2 positions known to significantly alter interaction of ligand (rosiglitazone) with PPARy

Taxa Positionl | Position2 | Position3 | Position4 | Susceptibility
(lle309) (Gly312) (Cys313) (Tyr355) Prediction
Human 1 I G C Y Yes
All Mammals 107 Yes
Mallard-type 1 Yes

Most Birds
All Reptiles

Strongly conserved among most birds,
All Amphibians -,y .

amphibians, re

Ancient Fishes

More variation among various orders of
fishes than across other vertebrate
classes

Most Fishes

Bonytongue-type
Zebrafish-type

i M O o w M W oI @ G
- = o = =T = =<|=< =

< = — 00l o oflo o

I
l
I
I
I
F
F
Salmonid-type vV
F
F




e Example SeqAPASS Level 3 - PPARy

® In silico mechanism for lack of Rosiglitazone binding to zebrafish PPARYy is severe steric
hindrance from Gly312Ser and Cys3 |3 Tyr mutation

® Comparing positions 312 and 313 of human to other species

Taxa Position | Position | Susceptibility Relative
312 313 Prediction | Transactivation

Mammal Human Yes 1.0
Mammal Mouse G C Yes |.2
Mammal Rat G C Yes |.2
Amphibian Clawed Frog R C No 0.06

Fish Sea Bream S C No <0.006

Fish Plaice S C No <0.006

_ Fish Zebrafish S Y No <0.006
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te- Strategic Approach

Similar types of analyses applied to
GR
PPARa
RXRb

Selected a group of species that should capture maximum

diversity in response for these four NRs (& genomes available)

* Human

Xenopus laevis
Rainbow trout
Japanese medaka
Zebrafish




<EPA

United States

Environmental Protection

Agency

Attagene EcoTox-2 Factorial assay

# Name Species Latin names
1 GR human Homo Sapiens
2 GR african clawed frog Xenopus laevis
3 GR rainbow trout Oncorhynchus mykiss 106 —#—DEX 6uM
4 GR japanese medaka Oryzias latipes RORT 08 S TP
5 GR Zebrafish Danio rerio RXRb-OM .
6 PPARa human Homo Sapiens _ !
7 PPARa african clawed frog Xenopus laevis i
8 PPARa rainbow trout Oncorhynchus mykiss RARO-FR \ /‘" CRFR
9 PPARa japanese medaka Oryzias latipes ARb \ A } DPARMRT
10 PPARa Zebrafish Danio rerio ~ %}!’” /)A
11 PPARg human Homo Sapiens PPARG-IM hq%&@'foﬁﬁ, GR-IM
12 PPARg african clawed frog Xenopus laevis wﬁ/ﬂ\\\*%ﬂ-
13 PPARg rainbow trout Oncorhynchus mykiss PPARG TR ) -“'{ \'b ARcHo
14 PPARg japanese medaka Oryzias latipes o .
15 PPARg Zebrafish Danio rerio w o
16 RXRb human Homo Sapiens PPARg-ZF , PPARa-ZF
17 RXRb african clawed frog Xenopus laevis PPARGRT
18 RXRDb rainbow trout Oncorhynchus mykiss - A
19 RXRDb japanese medaka Oryzias latipes ma2 o GRRT
20 RXRb Zebrafish Danio rerio
21 ERa human Homo Sapiens
22 ER1 Zebrafish Danio rerio * 14 chemicals in concentration-response
23 ER1 african clawed frog Xenopus laevis
AR human Homo Sapiens ¢ SU rface Water eXtraCtS 12
H AR Zebrafish Danio rerio
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Test Chemical Target

Rosiglitazone maleate PPARg
Tributyl phosphate PPARg, PXR

Prednisone GR, AR
Troglitazone PPARg, PPARa
Zileuton PPARg; ALOX5
Bexarotene RxRb
Gemfibrozil PPARa
Butachlor GR, AR (env)
Triphenyl phosphate  PPARg (env)
Fenofibrate PPARa

Dexamethasone NaPO4 GR
Triphenyltin chloride  RxR, RAR
PFOA PPARa (env)
Potassium PFHxS PPARa (env)
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United States
Environmental Protection
Agency -

Predicted Susceptible

Human Frog Medaka Trout Zebrafish

(H. sapiens) | (X. laevis) (O. latipes) (O. mykiss) | (D. rerio)

Rosiglitazone maleate

potent | Rosiglitazone Y N N N N
1.0 0.06 <0.006 <0.006 <0.006

Troglitazone

Triphenyltin chloride

* As predicted, only human PPARy was sensitive to
rosiglitazone

Triphenyl phosphate

Tributyl phosphate

More * Among the other PPARy agonists, Xenopus and rainbow

Zileuton ) ..
potent trout were insensitive

e Japanese medaka, selected to represent “most fishes”
showed partial sensitivity to some, but not all ligands.

e Zebrafish were sensitive to TPP, but not other ligands

14



United States
Environmen tal Protection
Agency -

e Medaka PPARa was insensitive to
gemfibrozil

Log ACC
4 Less e Zebrafish PPARa was insensitive to

. . potent i
Gemfibroz fenofibrate
3
Fenofibrate _
5 * Results suggest that aa residues
PFOA critical to binding gemfibrozil and
1 fenofibrate may differ
Potassium PFHxS More
potent

* All species sensitive to PFOA

* Human and rainbow trout
demonstrated sensitivity to PFHxS

15
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United States
Environmental Protection -—
Agency

e Rainbow trout and zebrafish RXRb

Log ACC - .
0 Less were less sensitive to RXRb ligands
-1 .
Bexarotene potent than the other species tested.
-2
Triphenyltin chloride -3 More
potent

16
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United States
Environmental Protection -—
Agency | .\ e S u t S G

Predicted Susceptible

Homo Xenopus Oryzias Oncorhynchus | Danio rerio
sapiens | laevis latipes mykiss

Dexamethasone

Log ACC °
4
Less
Dexamethasone NaPO4 > potent
Prednisone 0
L]
Butachlor 2 More
potent

Predictions were qualitatively accurate
for dexamethasone but reflected
different sensitivity, not overall
susceptibility

Need to metabolically activate

prednisone to the GR-active prednisolone
complicates interpretation

17



Application to Environmental Monitoring

Emax

RXRb ER AR(% co_ntrol)

* 68 surface water samples screened

1 110

GR PPARa

>
v E:
N~<

00

O

X0

More
activity

* Among the GRs, Xenopus GR was the
o0 most responsive to GR-active compounds
a0 in environmental mixtures
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. * Among the PPARy Japanese medaka
PPARy was the most responsive to the
environmental mixtures
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e Samples with the greatest activity were
consistently elevated in all species,
sty proportional to their intrinsic relative
sensitivity. .
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e (C 0 nC‘ usion

Effects-based monitoring employing human cell lines using human nuclear receptors
(hNR) are likely to yield different conclusions than if fish NRs were employed (at least
for PPARy, PPARa, RXR[, and GR).

Variations among different orders of fish may be as substantial as across other classes
of vertebrates.

Different chemical-specific profiles across species were consistent with a previous
assumption that level 3 SeqgAPASS analyses based on specific ligand-chemical
interactions may not apply universally across relevant chemical space.
 Complicates the ability to select a minimum number of species to capture
maximum variability in sensitivity.

Screening of additional chemicals using the XS-2 Factorial Assay may yield new insights
that improve the ability to predict cross-species susceptibility based on aa sequence,
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==t ORD Strategic Research Action Plan
CSS.1.7:

Develop, evaluate, and apply non-mammalian high-throughput toxicity tests for
priority endpoints and pathways in ecological species for ecological risk assessment

CSS.4.4.

Develop rationale and case studies that apply AOPs and HTT data to inform test-order
decisions and establish scientific support for waiving testing requirements for pesticides

- Office of Research and Development
Center for Computational Toxicology and Exposure




<EPA

United States
Environmental Protection
Agency

Program Office support
» Office of Pesticide Programs (OPP)
* Office of Pollution Prevention and Toxics (OPPT)

Program Office Feedback & Support

EPA/ORD Partner Needs and Use
OCSPP; OW:
Ecological risk assessments address species across diverse taxonomic groups, many of which have limited or no available
data. The clear majority of HTT methods are based on either human or mammalian in vitro systems, which results in an
under-representation of pathways that are relevant and perhaps unigue to non-mammalian taxa

OPP:

“The proposed research is responsive to EPA’s commitment to reduce its reliance on resource intensive whole animal
testing and to better allocate limited resources to where they are most needed through the use of more effective
screening tools”

*  evaluate taxonomic domain of applicability of HTT NAMs

* determine relevance to regulatory assessment endpoints

*  provide evidence that risk estimates across taxa are suitable

*  critical effort to turning theory into practice (risk estimates)

OPPT:

“HTT methods are required for OPPT to rapidly and efficiently screen and prioritize new and existing chemical substances
under the Toxic Substances Control Act (TSCA).”

*  meet scientific standards under section 26(h) of TSCA

* reduce testing on vertebrates under section 4(h) of TSCA

* determine unreasonable risk under sections 5 & 6 of TSCA

Demonstrating quantitative relationships between
transcriptomic responses and phenotypic alterations
in apical assessment endpoints across multiple taxa
will provide a compelling means of promoting the
adoption of such methods and incorporation of such
data in ecological risk assessments — OPP comment
to Eco-trans Output

The effort should provide an understanding of

how the battery of assays relate an AOP where a
molecular initiating event leads to a sequence of key
events that culminate in an adverse outcome at the
whole organism level and how such methods can be
used to effectively screen for effects across a wide
taxonomic and chemical space. OPP has a wide array
of in vivo data on pesticides and these data could
serve as a means of assessing the extent to which the
battery of assays is predictive across chemicals/taxa -
OPP comment to Eco-trans Output

OPP has a broad array of in vivo data across multiple
taxa with which to compare transcriptomic responses
once suitable linkages have been demonstrated. OPP
is interested in working with ORD to identify
“model” chemicals - OPP comment to Eco-trans
Output




“H8 .. A Chemical Numbers Problem

U.S. EPA Strategic Plan (2018-2022), Objective 1.4,
Ensure Safety of Chemicals in the Marketplace

Problem Statement:

Tens of thousands of chemicals are currently in use and
hundreds more are introduced to the market every year.
Only a small fraction has been thoroughly evaluated for
potential risks to human health and the environment.

“Too many chemicals, too little data”

- Office of Research and Development
Center for Computational Toxicology and Exposure




°f%... A Biological Numbers Problem

Agency

Gene Coverade “Throughout the development and execution of ToxCast and Tox21, key

J/ limitations of the current suite of HTS assays have been identified (Tice, et
B ToxCast ik al., 2013). The limitations include inadequate coverage of biological
mlotin () targets and pathways” Thomas et al. 2019

b
IrU

Se (AT LR
Mollusks ©  «° Qeo% V\Q;b
Insects A . Plants

i The Eco Data Gap:

Atatigs Humans are just a tiny fraction of the biological diversity we
are charged to protect.
Many genes/pathways are conserved

* Unique physiology in other kingdoms, phyla, classes...

Other o

- Office of Research and Development
Center for Computational Toxicology and Exposure
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°E%..  HTP Eco Assay Development

gency

Daphnia magna Pimephales promelas Chironomus dilutus Raphidocelis subcapitata

 Modify standard protocols and methods to allow rapid toxicity tests with small aquatic organisms in
96-well plates — 4 species

* Conduct exposures with diverse chemicals (ex. metals, neonics, pharmaceuticals, PFAS)

 Compare traditionally derived LC50 values to LC50 values calculated from 96-well plate-based
exposures

* Use RNA-seq data to calculate transcriptomic-based point-of-departure (tPODs) that can be
anchored to apical responses

Office of Research and Development
Center for Computational Toxicology and Exposure



Agency

°E%._.  HTP Eco Assay Development

20° C

Daphnia magna 850.1010 Aquatic Invert Acute Toxicity 72-hour
Pimephales promelas 850.1075 Fish Acute Toxicity 24-hour 25°C
Chironomus dilutus 850.1790 Chironomid Sediment Toxicity 3" instar 20° C
‘ ’ Raphidocelis subcapitata ~ 850.4500 Algal Toxicity Log-phase 24° C
! Exposures Design
24 h exposure * 1 mldeep 96-well plates
Control — . 12 concentration — 8 replicates per concentration
Replicates [/ ' * 1lindividual per well (algae ~5 x 10* cells/ml)
Al . 24-hour static exposures
B *  phenotypic endpoints assessed
C e animals: survival and behavior
D * algae: cell viability & division, photopigments
E * then after homogenization, RNA extracted for transcriptomics
F
G m Time to Load Plate Control 24-hour Survival | RNA Qty per Well
H
N\ Daphnia magna ~45 minutes 72-hour ~1000 ng
Phenotypic anchoring Pimephales promelas ~30 minutes 24-hour ~1500 ng
Zu LVIV?I Chironomus dilutus ~60 minutes 3™ instar ~900 ng
® enavior
«  growth? Raphidocelis subcapitata ~10 minutes Log-phase ~300 ng

- Office of Research and Development
Center for Computational Toxicology and Exposure




Agency

SER . HTP Eco Assay Development

Toxicant

Macro-Molecular
Interactions

Chemical @ -
initiator
LC50s:

Cellular
Responses

Organ
Responses

Individual
Responses

Published vs 96-well Exposure

Increasing levels of biological organization

1004

Published LC50
[N
(en]

°
[ ) [ )
1; °
°
0.1 1 10 100
Plate LC50

- Office of Research and Development
Center for Computational Toxicology and Exposure

Population
Response

Linking to apical endpoints essential
Apical Endpoints
e Survival ©
* Reproduction $
 Growth ® or ¢
Behavior
“Imageable” measurements




°E%...  Eco Transcriptomics Applicability

Toxicology and Applied Pharmacology 378 (2019) 114634

@ ! . A.3 Global Comparison of POD and BEPOD Contents lists available at ScienceDirect
=7 National Toxicology Program
—— U5 Department of Health and Human Services I
10000 | Toxicology and Applied Pharmacology
journal homepage: www.elsevier.com/locate/taap
NTP ResEARCH REPORT ON 1000 ,
é Transcriptomic points-of-departure from short-term exposure studies are
, NDPA . . . .
g ! protective of chronic effects for fish exposed to estrogenic chemicals
200 T L
% TP~ L /\ Florence Pagé-Lariviére, Doug Crump, Jason M. O'Brien”
=]
g - — ‘ cMCHM Narional Wildlife Research Center, Environment and Climate Change Canada, Onrario, Canada
§ CHLP
% 10 DMPT - F. Pagé-Lariviére, et al. Toxicology and Applied Pharmacology 378 (2019) 114634
g A B Cc
g 2 2 2
Wy & .
1 TTCP TRBE ¥ @ B8 .
1 8 ® I
1 1 1 z
@ ¢ Ef 8 @ f % ¢ +®
o @ @ ® ® @ 4 ®
| 3 | g ik @ L 2 | g ‘ ®
K S A R IR M NI
01 1 . 10 100 1000 10000 g [ ) ® ® ® ® [ ] i & 7 BPA_O_FHM
| Apical Potency Value with lfz_!ogﬂ'lge | ° ® o x & BPa0ZF
Figure 14. Comparison of the Most Sensitive Apical ¥ Log Potency Range to the Most Sensitive GO 3 e @ Dee.|_aa
Biological Processes BEPOD e dad
¢ @ & @ & @ ¢ & 34 e o ee2r
Data fom Figrure 1-Fige 13 in this docurment were compiled to allow s larger scals comparisan of spical and gene set-based " @ @ @ Mean
biologicsl potancy estimates. The most sensitive apical patency walues (NOAEL or BMD) from guidsline toricity assessmants
are plotted on the x-axis and the BEPOD ranze (BMD,-BMD-BAMD) from the GO Binlogical Processes enalysis from 4- ar 4 4 1
S-day GDES sudies are plomed on the y-axis. A diazonal 1-to-1 line is drawn as refarence 10 perfect agreament berween the
potency values. The points to the left of the line demonsrate more sensitive apical endpoinrs, whereas those to the rizht exhibited
‘more sansitive BEPODs. Crverall, th spical mnd REPOD vahies stronghy agree, as indicatad by R = 0,50
f 2 ® & R IR T EEEREE)
& N S & F o & e P07 ¥ o Fo7 ¢ 07
) ) S o w ¥ S 604‘“ & r f? Q\s? q@q@i@@/ (’c(;? & &é/ &
* Number of mammal dies h h hort-term :
u ero d allan stuaies have shown short-ter T S N—

. " . . . Fig. 6. Effect of the data processing methods on the log 10 ratio of transcriptomic PODs (fPOD) and referenced apical POD (aPOD, equivalent to the chronic LOEC).
t ra n SC rl pto m I cs_ ba Se d PO DS a re p re d I Ctlve Of a p I Ca I pote n Cy Representative examples for each data processing method are presented. A) The effect of the normalization method on the tPOD using only one filtering method
. (Williams Trend with FC = 1.5 [p < .05]) and one grouping method (Probe;s). B) The effect of the filtering method on the tPOD was determined using a single

nommalization (quantile) and grouping (Probeios) method. C) The effect of the grouping method on the tPOD using the quantile nomalization and filtering with

Williams Trend test with a foldchange filter =1.5-fold. A different color is assigned to each dataset to represent their specific ratio, and the grey dots represent the

mean value of each column. The line at y = 0 represents a perfect situation where tPOD = aPOD. The dotted lineaty = —1and y = 1 represent a 10-fold difference
between the transcriptomic and apical POD.

e Generally, within % log.

100% of tPODs were within 1 order of
magnitude of chronic LOEC

- Office of Research and Development
Center for Computational Toxicology and Exposure




SHAN.... HTP Eco Transcriptomics

=% - Challenge.gov

Government Challenges, Your Solutions

EcoTox TARGET Challenge

Develop high quality, low-cost tools that assess global gene expression in te C h no I Ogy
common aquatic toxicity test organisms

Detection/analysis

CHALLENGE DETAILS A I.

¥ TOTAL CASH PRIZES OFFERED: $300,000

= TYPE OF CHALLENGE: Scientific

I PARTNER AGENCIES | FEDERAL: U.S. Army Engineer Research and Development Center

B PARTNER AGENCIES | NON-FEDERAL: DoW, Environment and Climate Change Canada, European Commission
Joint Research Centre, Syngenta

i SUBMISSION START: 03/19/2020 12:00 PM ET

i3 SUBMISSION END: 06/15/2021 11:59 PM ET

~TARGET _

€
C EcoTox Challenge

Innovation: $300,000 EPA Research Challenge Prize Available ‘ ¢

Commercially available
Low cost (<S50/sample)
High quality
Maximal coverage

The Agency is offering a $300,000 prize to the

company, organization, or team that can provide high

quality, low cost, technologies/platforms for evaluating

global gene expression in samples (RNA or tissue

homogenates) from four commonly used aquatic TP

toxicity test organisms: 2 A B ‘

EPA is looking for innovators who can help usher in the
next generation of Technology Advancing Rapid
Gene Expression-based Testing (TARGET).

* Pimephales promelas (a fish)

* Daphnia magna (a crustacean)

* Chironomous dilutus (an insect; formerly Chironomous tentans)
* and Raphidocelis subcapitata (a green algae)

Think you have a winning technology? Learn more at:

- Office of Research and Development
Center for Computational Toxicology and Exposure

EcoTox Challenge

GTARGET,




<EPA

United States
Environmental Protection

Eco Transcriptomics Data Analysis

Agency
Transcriptomics Analysis Workflow
* not re-inventing the wheel
* mirror ToxCast data analysis
Chemical Eco-
Concentration Response
15 E[‘ T| symmetric, unimodal skew left skew right
- Conceniration Respanse
95.4 & f|
| — " h l
T ; :; f ‘:2 7 :; T uniform bimadal multimodal
' £ » ey | » BMD Grouping
; N | o ; — All BMDs - median
: ui I X lowest (ex. 20)
o o . . Percentile (ex. 10t)
i Coneentaion lst mode

Office of Research and Development
Center for Computational Toxicology and Exposure

et — Mo W0 (L0

All BMDs from lowest GO terms or REACTOME pathways
Median BMDs from 20 lowest GO terms or REACTOME pathways



SEPA Current Status

Agency

Accelerating the Pace of Chemical Risk Assessment ¢ Derive transcriptomics-based points of departure for 20 chemicals

Testing with fathead minnow only

>
U
O
AJ
>
s

Compare with traditional apical PODs

* Evaluate hypothesis that tPODs are protective relative to apical

* Includes chemicals of direct interest to Program Offices and partners

Workflow in Brief

RNA-seq data was obtained from each well; all raw reads were assembled into transcript models,

aligned with annotations, counted, normalized, and log2 transformed for each transcript

« Low count feature filtering: any given feature had to have a count of 10 or more in a minimum of
4 samples or that feature was filtered out

» Differentially expressed genes (DEGs) determined by NTP guidelines and transcriptomic POD
for a chemical defined as median or 10" percentile POD of all DEGs
(https://ntp.niehs.nih.gov/publications/reports/rr/rr05/index.html)

- Office of Research and Development
Center for Computational Toxicology and Exposure
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SER . HTP Eco Assay Development

Agency

CuS04, NiSO4, ZnSO4 metal OW, ease of exp.; mouse & RBT data APCRA case study; 4 eco-species
Clothianidin, Thiacloprid, Imidacloprid Neonicotinoid OPP APCRA case study; 4 eco-species; Challenge
Flupyradifurone Butenolide OPP APCRA case study; 4 eco-species
Sertraline, Fluoxetine, Paroxetine SSRI Existing data at GLTED APCRA case study; 4 eco-species
Atrazine, simazine, cyanazine Herbicide Herbicide Challenge; 4 eco-species
Methoxyfenozide, tebufenozide, Carbohydrazide Insecticide Challenge; 4 eco-species
methoxyfenozide

Parathion, methidathion, fenthion Organophosphate mouse data APCRA case study; 4 eco-species
dibutyl, diethylhexyl, butylbenzyl Phthalates TSCA high priority APCRA case study; 4 eco-species
phthalates

~20 specific PFAS PFAS PFAS plus up; small # in vivo 4 eco-species

50 — 100 additional diverse StRAP 4 eco-species

- Office of Research and Development
Center for Computational Toxicology and Exposure
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Chemical Transcriptomic POD 96-hour Mortality-based
(10t and median) LC50 POD

CuSO4 0.005 mg/L 0.03 mg/L 0.3 mg/L 0.2 mg/L
ZnSO4 0.063 ug/L 0.23 ug/L 2.2 mg/L 3.2 mg/L
NiSO4 0.146 mg/L 0.33 mg/L 6.2 mg/L 3.9 mg/L
Imidacloprid 0.03 pg/L 8.8 mg/L 173 mg/L >10 mg/L
Flupyradifurone 0.0226 pg/L 1.3 mg/L Not in ECOTOX >10 mg/L
Clothianidin 0.2 pug/L 8.1 mg/L 0.5 (104) mg/L >10 mg/L
Thiacloprid 0.036 mg/L 57.2 mg/L 104 mg/L 85 mg/L
Sertraline 0.001 mg/L 0.6 mg/L 0.1 mg/L 0.9 mg/L
Fluoxetine 0.003 pg/L 0.02 mg/L 0.2 mg/L 0.8 mg/L
Paroxetine 0.002 mg/L 1.0 mg/L 3.5 mg/L 1.1 mg/L

- Office of Research and Development
Center for Computational Toxicology and Exposure



<EPA

Upcoming Work - Validation

Agency

Assay Development Transcriptomics
* Verify water quality parameters * Complete Challenge
» dissolved oxygen e platform development
* pH * genome annotation
e ammonia » Definition/Implementation of analysis pipeline
* Chemical bioavailability e Assess variability focused on tPODs
* intra/inter exposure plate
POD Calculation for CuSo4 in each Volume * between exposure plates
BMDExpress2 Results Volume Format | e appropriate replication
CUP 24WP J6WP CuS04 — Replicate Subsampling 12x tPODs
#DEGs passing NTP filters? 128/369 52/159 108/208 / -
0015
Median POD (mg/L) 0.0445 | 0.045201 0.025 / -
CUP vs 96WP CUP vs 24WP I -
jD_[HD- - < "
= -
558 B s
=
g = - - - = s -
0.005- *a ~
e — - IV :=|
24WP vs 96WP '| . -l - -
0000 -

- Office of Research and Development 3 M - P g
Center for Computational Toxicology and Exposure Overlap of DEGs MNumber of Replicates
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Agency
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