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Column Header Definitions

Header

Description/Notes

Compound

Common Compound Name.

"Truth" Classification

Classification was based on human data when available. When human data is not available, data from rodent in vivo studies was used to classify
the compounds as developmentally toxic or non-developmentally toxic. This methodology for determining teratogenicity results in higher
accuracy, sensitivity and specificity in this group of compounds for the rodent model. If a compound has multiple classifications (NON | DT),
classification is based on the negative and positive exposure levels from Daston et al. (2014).

FDA Pregnancy Category FDA category to indicate the potential of a drug to cause birth defects if used during pregnancy.
Humans Published developmental toxicity potential in humans.
Rodent Published developmental toxicity potential in rodents.
Rabbit Published developmental toxicity potential in rabbits.
ZET Published developmental toxicity prediction in zebrafish embryotoxicity test (ZET).
mEST Published developmental toxicity prediction in mouse embryonic stem cell test (mEST). May include predictions generated with modified
versions of the ECVAM-validated mEST, see noted reference for more information.
rWEC Published developmental toxicity prediction in the rat post-implantation whole embryo culture test (rWEC).
EPAT.ES.T. Predicted value from EPA's Toxicity Estimation Software Tool (QSAR Model based on CEASAR developmental toxicity model [Cassano et al.,

2010]). Values > 0.5 are predicted as DT; Values < 0.5 are predicted as NON.

hESC devTOX quick Predict Classification

iPSC devTOX quick Predict Classification

2 models for prediction depending on available information (See Figure).
e Human Data or Effect Exposure Available: Prediction based on comparison of calculated dTP to human therapeutic C,,,, or concentration
from Daston et al., 2014.
¢ No Information on Human Developmental Toxicity or Effect Exposure: Prediction based on concentration threshold of 65 uM.

Human Therapeutic C,,., (LM)

Published human therapeutic total C,,,,

Negative Exposure (nM)
Positive Exposure (uM)

Exposure Level published in Daston et al., 2014

Prediction Model

Prediction model applied for hESC and iPSC devTOX quick Predict Classification.

Species Used for "Truth Classification"

Species used for classification listed in "Truth" Classification column.

Footnotes & Definitions

DT = In vivo studies: chemical exposure resulted in developmental toxicity, including, but not limited to, teratogenicity, embryotoxicity, skeletal variations, growth restriction, etc.
In vitro studies: chemical is predicted to have developmental toxicity potentail based on prediction model used in reference.

DT-E = Main effect of chemical exposure is embryo lethality in vivo.

NON = /n vivo studies: chemical exposure did not effect fetal development. /n vitro studies: chemical is predicted as a negative based on prediction model used in reference.

n.d. = no data available or not tested/determined.
* = compounds have additional notes (listed after table).

®Maternal toxicity was present at the concentration that had an effect on the fetus.
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Visual explanation of prediction models

1. Perform devTOX? assay

Decision Tree for Determining Prediction Model

2. Select Prediction Madel 3. Predict Developmental

based on Available Data Toxicity Potential

Human or Animal in Vive
Exposure Data Available:

The dose—response curve for the o/c ratio (purple curve) is fit s Score dTP against Com
. . . . Calculate Developmental
using a non-linear four-parameter log-logistic model. This Toxicity Potential {dTP)
curve is used to interpolate the concentration where the o/c \ Concentration Exposure Data Unavailable:
. .. . Score dTP against
ratio crosses the developmental toxicity threshold (red line). Concentration Threshold
The black-bordered red circle represents the concentration at
} } oL . Predictive Model with C,,,, or +/- Exposure Data Predictive Model with No Exposure Data
which there is developmental toxicity potential {dTP). - aPec, ) aTP <65
" Developmental : - Cyy 0r 1 :
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"Truth" FoA : EPAT.ES.T. | hESCdevIOX | iPSCdevTOX Human Negative | Positive Exposure »
Pregnancy Humans Rodent Rabbit ZET mEST rWEC (QSAR) e Therapeutic [ Exposure (uM) (uM) Prediction Model
Category gcdiecick C M [Daston et al., 2014] | [Daston et al., 2014]

Species Used for "Truth

Compound Classification"

quick Predict”

Classification

13-cis- Retinoic Acid Exposure (Cmax) Human

3
2
=

2-Methoxyethanol* N/A Rodent

5-Fluorouracil Exposure (Cmax) Human

9-cis- Retinoic Acid Exposure (Cmax) Human

Abacavir Exposure (Daston) Rodent

i
I
©
=

I

Acebutolol Exposure (Cmax) Human

Acetaminophen Exposure (Cmax) Human

Acetazolamide Exposure (Daston) Rodent

Acetylcysteine Exposure (Cmax) Human

Acitretin Exposure (Cmax) Human

Acycloguanosine Exposure (Cmax) Human

all-trans- Retinoic Acid Exposure (Daston) Human

Aminopterin Exposure (Cmax) Human
Amoxicillin Exposure (Cmax) Human
Artesunate* Exposure (Daston) Rodent

Ascorbic Acid Exposure (Cmax) Human

< N 3 S o = w = & 0 ~
© ”n w N w W Ll N

Atrazine Threshold Rodent
Bosentan Exposure (Cmax) Human
Busulfan Exposure (Cmax) Human
Butylparaben - Exposure (Daston) Rodent
Caffeine 9.3 Exposure (Daston) Human/Rodent
Camphor Threshold Human
Carbamazepine 47 Exposure (Cmax) Human
Chlorophacinone Threshold Rodent
Clopyralid Threshold Rodent
Cyproconazole Threshold Rodent
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Dabigatran Etexilate

Desloratadine
Dibutylamine
Dihydroartemisinin*

Doxylamine
e |
s |

Glycerol

05/2018

FDA q Human Negative Positive Exposure .
"Truth" EPAT.ES.T. | hESCdevTOX | iPSCdevTOX . . for "Truth
Classirfl;:ation Pregnancy Rodent Rabbit mEST rWEC @s ARS) e ek Predict® Therapeutic | Exposure (uM) (uM) Prediction Model SPec::sL:is;:at?;n" rut|
Category gaicecct guciiecict Crax (AM) | [Daston et al., 2014] | [Daston et al., 2014]
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Ketoconazole

Levothyroxine

Methotrexate

Methoxyacetic Acid
Methylmercury
Metoclopramide
Mono(2-ethylhexyl)
Phthalate*
Myclobutanil

o,p'-DDT

o -Phenylphenol

Oseltamivir
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Human
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Crnax (M)

Negative Positive Exposure
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[Daston et al., 2014] | [Daston et al., 2014]
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Species Used for "Truth

Prediction Model
gedictiopviode Classification"
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Species Used for "Truth
Classification"

Rode

Prediction Model

Exposure (Dastol

ThreShOId
Hum:

Exposure (Cmax)

Bxposure (cmax
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"Truth"
Classification

Compound

Triethylene Glycol

Triticonazole*

FDA _ EPAT.EST. | hESCdevTOX [ iPSCdevtox GUEED Negative
Pregnancy Humans Rodent Rabbit ZET mEST rWEC (QSAR) ekPredict Therapeutic | Exposure (uM)
Category gaicecct Crnax (HM) | [Daston et al., 2014]

Positive Exposure
(um) Prediction Model
[Daston et al., 2014]

Species Used for "Truth

quick Predict® Classification"

Threshold Rodent

Threshold Rodent

TTNPB Threshold Rodent
Valproic Acid Exposure (Daston) Human
Warfarin Exposure (Cmax) Human
Zaleplon Exposure (Daston) Rodent
Zidovudine* Exposure (Daston) Rodent
Zoxamide Threshold Rodent
Compound Notes

2-Methoxyethanol Requires metabolism to toxic metabolite, methoxyacetic acid

Artesunate Requires metabolism to active metabolite, dihydroartemisinin

Dihydroartemisinin*

The prediction for the devTOX quick Predict assay was based on comparison of the dTP to the positive exposure provided in Daston et al., 2014. Predictions for the ZET and rWEC did not consider exposure level and were based on a positive
effect seen in the the referenced studies.

Lapatinib

Human clinical exposure is equivalent to the approximate rodent developmental toxicity NOEL

Lovastatin

Developmental toxicity observed in rodents at doses >40X human dose

Mono(2-ethylhexyl) Phthalate

MEHP is the toxic metabolite of Di(2-ethylhexyl) Phthalate (DEHP)

Retinol

Pregnancy Category: A (oral); C (doses exceeding RDA); X (>6,000 units/day administered parenterally); Classifed as NON based on normal human exposure.

Sitagliptin Develomental toxicity observed in rodents at doses 100X maximum human recommended daily dose.

Triticonazole Rat dLEL is 1000 mg/kg/day and chemical is typically considered to be a non-developmental toxicant as maternal toxicity was also observed at this high exposure.

Zidovudine No teratogenicity observed during EFD studies, embryolethality observed during reproductive toxicity studies. Compound is classified as a NON to be consistent with Daston et al., 2014 publication.
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Species/ Reference # |Authors Title Year |Journal Volume Pages
Assay
N/A N/A Daston et al. Exposure-based validation list for developmental toxicity screening assays. 2014 |Birth Defects Res B Dev Reprod Toxicol 101(6) 423-428
Humans 1
Rodent 1 Briggs et al. Drugs in Pregnancy and Lactation, Ninth Edition 2011 [N/A N/A N/A
Rabbit 1
Humans 2 Teratogen Information System (TERIS)
Rodent 2 N/A ' N/A N/A N/A N/A
:alft:t 2 / Available at: https://apps.uwmedicine.org/Teris/Terisla.aspx?ReturnUrl=%2fteris%2fdefault.aspx / / / /
Rodent 3
Rabbit 3 Brannen et al. Development of a zebrafish embryo teratogenicity assay and quantitative prediction model. 2010 |Birth Defects Res B Dev Reprod Toxicol 89(1) 66-77
ZET! 2
Rodent 4 - . - . ) . . .
Rabbit 4 Jelovsek et al. Prediction of risk for human developmental toxicity: How important are animal studies for hazard identification? 1989 |Obstet Gynecol 74(4) 624-636
Roden't 5 N/A Data Provided as part of DART WORKSHOP ON CONSENSUS LIST OF DEVELOPMENTAL TOXICANTS. May 17-18, 2011 2011 |N/A N/A N/A
Rabbit 5 Washington, D.C.
Rodent 6
ACToR. Available at: https: tor.epa.
Rabbit 6 N/A ° varavle a ps://actor.epa.gov . . N/A N/A N/A N/A
PWEC 3 Hazardous Substances Data Bank (HSDB). A ToxNet Database. Available at: https://toxnet.nlm.nih.gov/newtoxnet/hsdb.htm
Rodent 8 Hansen et al. Effect of dietary supplementation with folic acid on valproate-induced neural tube defects. 1993 |Teratology 47(5) 420
Rabbit 8 Sweeting et al. Species- and strain-dependent teratogenicity of methanol in rabbits and mice. 2011 |Reprod Toxicol 31(1) 50-58
Rodent 9 Bailey et al. The future of teratology research is in vitro. 2005 [Biogenic Amines 19(2) 97-145
Roden't 10 ECHA Background dOClement to the opinion of the committee for risk assessment on a proposal for harmonised classification and 2010 |N/A N/A N/A
Rabbit 9 labelling of epoxiconazole.
Rodent 12 Daston et al. Developmental toxicity evaluation of butylparaben in Sprague-Dawley rats. 2004 |Birth Defects Res B Dev Reprod Toxicol 71(4) 296-302
Rodent 13 Gomez-Martinez Gestational age dependency ir? the p'renatal toxicity and in the dis'pf)sitio'n ki'netics of the novel anticonvulsant HEPP (D,L-3- 2007 |intJ Toxicol 26(3) 37.246
hydroxy-3-ethyl-3-phenylpropionamide) after subcutaneous administration in pregnant rats.
Rodent 14 Pradaza pharmacology review.
FDA 2010 ([N/A N/A N/A
Rabbit 10 Available at: http://www.accessdata.fda.gov/drugsatfda docs/nda/2010/0225120rig1s000TOC.cfm. / / /
Rodent 15 Gilenya pharmacology review.
FDA 2010 ([N/A N/A N/A
Rabbit 11 Available at: http://www.accessdata.fda.gov/drugsatfdadocs/nda/2010/0225270rig1s000TOC.cfm. / / /
Rodent 16 NTP Center for the Evaluati f Risks to H R duction: phthalat t | t th ducti d
o erf Kavlock et al. enter for eA Ya ua |9n of Risks to Human Reproduction: phthalates expert panel report on the reproductive an 2002 |Reprod Toxicol 16 529653
Rabbit 12 developmental toxicity of di(2-ethylhexyl) phthalate.
Rodent 17 Tasigna (nilotinib) Pharmacology Review.
FDA 2007 [N/A N/A N/A
Rabbit 13 Available at: http://www.accessdata.fda.gov/drugsatfda_docs/nda/2007/022068TOC.cfm / / /
Rodent 18 . . e . L .
Rabbit 14 Treinen et al. Developmental toxicity and toxicokinetics of two endothelin receptor antagonists in rats and rabbits. 1999 |Teratology 59(1) 51-59
Rodent 19 - T . . .
Rabbit 15 Clark et al. Developmental toxicity of artesunate and an artesunate combination in the rat and rabbit. 2004 |Birth Defects Res B Dev Reprod Toxicol 71(6) 380-394
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Speci
B Reference # |Authors Title Year |Journal Volume Pages
Assay

ZET ! Comparison of the mouse Embryonic Stem cell Test, the rat Whole Embryo Culture and the Zebrafish Embryotoxicity Test as
mEST 7 Jong et al. P . v - . . . v v v 2011 [Toxicol Appl Pharmacol 253 103-111
PWEC 1 alternative methods for developmental toxicity testing of six 1,2,4-triazoles.
ZET 3 Selderslaghs et al. Development of a screening assay to identify teratogenic and embryotoxic chemicals using the zebrafish embryo. 2009 [Reprod Toxicol 28(3) 308-320
ZET 4 Gustafson et al. Inter-laboratory assessment of a harmonized zebrafish developmental toxicology assay - progress report on phase . 2012 |Reprod Toxicol 33(2) 155-164
ZET 5 Padilla et al. Zebrafish developmental screening of the ToxCast™ Phase | chemical library. 2012 [Reprod Toxicol 33(2) 174-187
ZET 6 McGrath et al. Zebrafish: a predictive model for assessing drug-induced toxicity. 2008 |Drug Discov Today 13(9-10) 394-401
7ET 7 Madureira et al. The to-xicity potential of pharmaceuticals found in the Douro River estuary (Portugal)--experimental assessment using a 2011 |Environ Toxicol Pharmacol 3202) 212.217
zebrafish embryo test.
ZET 8 Selderslaghs et al. Feasibi'lity study of the zebrafish assay as an alternative method to screen for developmental toxicity and embryotoxicity using 2012 |Reprod Toxicol 33 142-154
a training set of 27 compounds.
7ET 9 Herrmann Teratogenic effects of reFinoic acid and related substances on the early development of the zebrafish (Brachydanio rerio) as 1995  |Toxicol In Vitro 93) 267-283
assessed by a novel scoring system.
ZET 10 Weigt et al. Zebrafish (Danio rerio) embryos as a model for testing proteratogens. 2011 |Toxicology 281 (1-3) 25-36
7ET 11 Hermsen et al. Rglative em-bryotoxicity of two classes of chemicals in a modified zebrafish embryotoxicity test and comparison with their in 2011 |Toxicol In Vitro 25(3) 745-53
vivo potencies.
ZET 12
N/A N/A
rWEC 14 / /A |N/A N/A N/A
ZET 13 Wiegand et al. Toxicokinetics of atrazine in embryos of the zebrafish (Danio rerio). 2001 [Ecotoxicol Environ Saf 49 (3) 199-205
ZET 14 Truong et al. Multidimensional in vivo hazard assessment using zebrafish. (Positive based on if LEL was given in Supplementary Table 1) 2014 |Toxicol Sci 137 (1) 212-33
7ET 15 Groth et al. To*fcity studies in f(-?rltilized ze?rafish egg-sAtreatet-:i with N-methylamine, N,N-dimethylamine, 2-aminoethanol, isopropylamine, 1993 |Bull Environ Contam Toxicol 50(6) 878-82
aniline, N-methylaniline, N,N-dimethylaniline, quinone, chloroacetaldehyde, or cyclohexanol.
ZET 16 Alietal. Teratology in Zebrafish Embryos: A Tool for Risk Assessment 2007 [MS Thesis N/A N/A
ZET 17 Jheng-Yu et al. Curcumin affects development of zebrafish embryo. 2007 |Biol Pharm Bull 30(7) 1336-1339
ZET 18 Biobide N/A  |N/A N/A N/A
Assessment of the developmental and neurotoxicity of the mosquito control larvicide, pyriproxyfen, using )
ZET 19 Truong et al Rk . 2016 |Environ Pollut 218 1089-1093
embryonic zebrafish
ZET 20 Baetal. Dihydroartemisinin promotes angiogenesis during the early embryonic development of zebrafish. 2013  [Acta Pharmacol Sin 34(8) 1101-1107
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Species
P / Reference # |Authors Title Year |Journal Volume Pages
Assay

mEST 1 Newall et al. The stem-cell test: an in vitro assay for teratogenic potential. Results of a blind trial with 25 compounds. 1996 |Toxicol In Vitro 10 229-240

mEST 2 Paquette et al. Assessment of the Embryonic Stem Cell Test and application and use in the pharmaceutical industry. 2008 |Birth Defects Res B Dev Reprod Toxicol 83 104-111

mEST 3 Marx-Stoelting et al. A review of the implementation of the embryonic stem cell test (EST). The report and recommendations of an 2009 |Altern Lab Anim 37 313-328
ECVAM/ReProTect Workshop.

mEST 4 Louisse et al. .Relz.ltive development_al t(?xicity potencies of retinoids in th_e _embryonic stem cell test compared with their relative potencies in 2011 |Toxicol Lett 203 18

rWEC 19 in vivo and two other in vitro assays for developmental toxicity.

mEST 5 Genschow et al. Validation of the embryonic stem cell test in the international ECVAM validation study on three in vitro embryotoxicity tests. 2004 (Altern Lab Anim 32 209-244

mEST 6 zur Nieden et al. Molecular multiple endpoint embryonic stem cell test--a possible approach to test for the teratogenic potential of compounds. 2004 |Toxicol Appl Pharmacol 194 257-269

mEST 3 Suzuki et al. Evalu%ltion‘of r\ovel high-throughput embryonic stem cell tests with new molecular markers for screening embryotoxic 2011 |Toxicol Sci 124(2) 460-471
chemicals in vitro.

mEST 9 Peters et al. Evaluation of the embryotoxic potency of compounds in a newly revised high throughput embryonic stem cell test. 2008 |Toxicol Sci 105 (2) 342-350

mEST 10 Verwei et al. Prediction of in vivo embryotoxic effect levels with a combination of in vitro studies and PBPK modelling. 2006 |Toxicol Lett 165 (1) 79-87
Individual and combined developmental toxicity assessment of bisphenol A and genistein using the embryonic stem cell test in

mEST 1 Kong et al. o P v P & & v 2013 |Food Chem Toxicol 60 497-505

mEST 12 Dreisig et al. Predictive value of cell assays for developmental toxicity and embryotoxicity of conazole fungicides. 2013 [ALTEX 30 319-330
Dose response analysis of monophthalates in the murine embryonic stem cell test assessed by cardiomyocyte differentiation

mEST 13 Schulpen et al. P . 4 P 4 v Vocy 2013 [Reprod Toxicol 35 81-88
and gene expression.
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Species/ Reference # |Authors Title Year |Journal Volume Pages
Assay
rWEC 2 Hansen Folates in reproduction: in vitro studies. 1995 |Teratology 51(6) 12A
PWEC 4 Zhang et al. Development of a streamlined rat whole embryo culture assay for classifying teratogenic potential of pharmaceutical 2012 |Toxicol Sci 127(2) 535-546
compounds.
i H i tical d att ted
WEC 5 Thomson et al. !\lot awalkin the‘park the ECVAM wht?le embryo culture model challenged with pharmaceuticals and attempte 2011 |Birth Defects Res B Dev Reprod Toxicol 92 111-121
improvements with random forest design.
rWEC 6 Robinson et al. Embryotoxicant-specific transcriptomic responses in rat postimplantation whole-embryo culture. 2010 |Toxicological Sciences 118(2) 675-685
rWEC 7 Ritchie et al. Effect of co-administration of retinoids on rat embryo development in vitro. 2003 [Birth Defects Res A Clin Mol Teratol 67(6) 444-451
PWEC 3 Klug et al. Influence of 13-cis and all-trans retinoic acid on rat embryonic development in vitro: correlation with isomerisation and drug 1989 |Arch Toxicol 633) 185-192
transfer to the embryo.
rWEC 9 Stark et al. Dysmorphogenesis elicited by microinjected acetaminophen analogs and metabolites in rat embryos cultured in vitro. 1990 |J Pharmacol Exp Ther 255(1) 74-82
rWEC 10 Klug et al. Effect of acyclovir on mammalian embryonic development in culture. 1985 |Arch Toxicol 58(2) 89-96
i icylat the rat embryo in culture: an in vit del for th hological t of
FWEC 12 McGarrity et al. The effectlo‘f sodium salicylate on the rat embryo in culture: an in vitro model for the morphological assessment o 1981 |) Anat 133(Pt. 2) 257-260
teratogenicity.
rWEC 15 Klug et al. Effects of ethylene glycol and metabolites on in vitro development of rat embryos during organogenesis. 2001 |Toxicol In Vitro 15(6) 635-42
rWEC 16 Guesta & Varmab Developmental toxicity of methylamines in mice. 1991 |J Toxicol Environ Health 32 319-330
rWEC 17 McClain et al. Reproductive safety studies with genistein in rats. 2007 |Food Chem Toxicol 45(8) 1319-32
rWEC 20 Robinson et al. Dose-response analysis of phthalate effects on gene expression in rat whole embryo culture. 2012 [Toxicol Appl Pharmacol 264 32-41
idati impl i hole- | inthei ional ECVAM validati hree in vi
'WEC 21 Piersma et al. Validation (?f'the postimplantation rat whole-embryo culture test in the international EC validation study on three in vitro 2004 |Altern Lab Anim 12 275-307
embryotoxicity tests.
rWEC 22 Fujinaga et al. Assessment of developmental toxicity of antiretroviral drugs using a rat whole embryo culture system. 2000 (Teratology 62(2) 108-114
rWEC 23 Longo et al. In vivo and in vitro investigations of the effects of the antimalarial drug dihydroartemisinin (DHA) on rat embryos. 2006 |Reprod Toxicol 22(4) 797-810
EPAT.ES.T. -
(QSAR) Cassano et al.. CAESAR models for developmental toxicity. 2010 [Chem Cent) 4 (Suppl 1) 54
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The relative developmental toxicity potency of a series of retinoid analogues was evaluated using a human
induced pluripotent stem (iPS) cell assay that measures changes in the biomarkers ornithine and cystine.
Analogue potency was predicted, based on the assay endpoint of the ornithine/cystine (o/c) ratio, to be
all-trans-retinoic acid > TTNPB > 13-cis-retinoic acid ~ 9-cis-retinoic acid > acitretin > etretinate > retinol.
These rankings correlate with in vivo data and demonstrate successful application of the assay to rank a
series of related toxic and non-toxic compounds. The retinoic acid receptor o (RARa)-selective antagonist
Ro 41-5253 inhibited the cystine perturbation caused by all-trans-retinoic acid, TTNPB, 13-cis-retinoic
acid, 9-cis-retinoic acid, and acitretin. Ornithine was altered independent of RAR« in all retinoids except
acitretin. These results suggest a role for an RARa-mediated mechanism in retinoid-induced develop-
mental toxicity through altered cystine metabolism.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

The current safety assessment requirements for developmen-
tal toxicity testing have been in place for over 40 years and
require that a new test chemical be evaluated for effects on
embryo-fetal development (EFD) in two animal species, one rodent
and one non-rodent. Unfortunately, no animal species replicates
human development well in terms of developmental toxicity test-
ing. Despite this, most studies are conducted in rats and rabbits
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[1]. These models have varying degrees of concordance with
observed human outcomes, having approximately 70% concor-
dance to known human developmental toxicants [2]. Though these
animal models are, and have long been, the regulatory standard,
differences in species response to a test chemical, as compared to
humans, may lead to missed signals of developmental toxicity and
biological misinterpretation as well as chemicals being classified as
false positives [3-5].

We previously developed a human stem cell-based biomarker
assay, devTOX quickPredict (devTOX?), for predicting the devel-
opmental toxicity potential of chemicals based on changes in
undifferentiated human pluripotent stem cells metabolism. The
predictive model used in this assay was originally identified using
human embryonic stem (hES) cells [6] and has since been confirmed
to perform with equivalent accuracy when the assay is performed
with human induced pluripotent stem (iPS) cells. The assay was
designed around the premises that a chemical’s developmental tox-
icity potential is conditional on the magnitude of exposure and that
a chemical is not definitively positive or negative and its toxicity
is dependent on other factors [7,8]. The devTOX?" assay measures
changes in the abundance of the metabolic biomarkers ornithine
and cystine across a broad dose-response range. These two metabo-
lites were identified empirically from the metabolic signature of
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hES cells exposed to a training set of 23 well-characterized phar-
maceutical compounds, that included compounds known to cause
a broad range of effects during human development (including
cardiovascular, craniofacial, central nervous system, limb, skele-
tal malformations, and embryotoxicity) [6]. Ornithine and cystine,
when combined as a ratio of ornithine/cystine (o/c), were as predic-
tive of developmental toxicity potential when compared to a more
complex computational model consisting of 21 small molecules [6].

Prediction of developmental toxicity potential is based on the
interpolated concentration (referred to as the developmental tox-
icity potential (dTP) concentration) where the o/c ratio response
curve decreases below a critical threshold (referred to as the devel-
opmental toxicity threshold, dTT). This threshold was determined
using the dose-response results from the 23-compound training
set [6]. The dTT was optimized for each cell type (hES and iPS cells)
by selecting the threshold that produced the highest accuracy of
prediction with the greatest sensitivity (the rational and methods
used to set the threshold are described in [6]). Concentration levels
greater than the dTP concentration for a given chemical are pre-
dicted to have developmental toxicity potential in vivo. The o/c ratio
predicted the developmental toxicity potential with 85% accuracy
(89% specificity, 82% sensitivity) for 80 chemicals (45 positives, 35
negatives) with a wide range of chemical properties [9].

Ornithine and cystine are both involved in metabolic pathways
important for normal cell proliferation and differentiation dur-
ing embryonic and fetal development [10-12]. Additionally, both
have been experimentally associated with common mechanisms
of developmental toxicity [10,13]. Cystine is a media component
that predominates over cysteine extracellularly due to the oxida-
tive state of the medium. Transport of cystine into the cell, where it
is rapidly converted to cysteine, is essential for numerous cellular
processes, including glutathione production, oxidative protection
and protein synthesis [14-16]. Of particular importance is the crit-
ical role the cystine/cysteine redox cycle has in the regulation of
reactive oxygen species (ROS) [13-15]. Ornithine is important in
nitrogen balance as part of the urea cycle and is a critical precursor
to polyamine synthesis, which are necessary for cell proliferation,
growth and differentiation [17].

Development and validation of alternative models (in vitro, ex
vivo, or in silico) contributes to the Replacement, Reduction, and
Refinement (3Rs) of animal use in toxicology studies, which is espe-
cially important considering the current regulations and initiatives
in Europe (Registration, Evaluation, and Authorization of CHemi-
cals, REACH) and the United States (Tox21) to test thousands of
chemicals currently in commercial use for their toxicity potential.
Additionally, there have been increased efforts in the pharmaceu-
tical and chemical industries to incorporate in vitro toxicity tests
earlier in the product development pipeline prior to in vivo testing
[18,19]. The ability of these assays to separate the developmen-
tal toxicity potential of structurally similar chemicals strengthens
their applicability for testing a chemical series early in the devel-
opment pipeline. We previously tested a series of five structurally
similar triazole fungicides to demonstrate how the assay can be
used to strengthen read-across and weight of evidence approaches
[9]. The devTOX? assay produced good concordance with in vivo
rodent developmental toxicity data for this chemical class, indicat-
ing that the assay has the potential to contribute a human cell-based
data point to a series ranking or weight of evidence approach for
risk assessment [9].

Retinol (vitamin A) and its analogues (retinoids) are critical mes-
sengers for the regulation of many diverse biological processes
in adults (e.g., epithelial homeostasis, brain function, etc.) and
during embryonic development [20,21]. During embryonic devel-
opment, retinoid signaling plays an important role in cell growth,
differentiation, and organogenesis [20,21]. Numerous in vivo and
in vitro studies have shown that there is a delicate balance

between embryonic retinoid concentrations and normal devel-
opment (reviewed in [20-24]). Because of this, both excess and
deficient concentrations of retinol and related compounds during
embryonic development cause developmental toxicity in all ani-
mals studied, including humans [3,25]. Retinoids elicit a pattern
of central nervous system, cardiovascular, craniofacial, limb, and
skeletal malformations, as well as embryo/fetal death, thatis largely
conserved between species [25-27]. All-trans-retinoic acid (ATRA),
13-cis-retinoic acid (13-cis-RA), and retinol have been shown to
induce ROS [13,25,28,29]. Catabolism of ornithine is inhibited by
developmental toxicants such as all-trans retinoic acid, which is a
suppressor of the transcription of ornithine decarboxylase (ODC),
leading to increased ornithine secretion, which in turn inhibits
polyamine synthesis [30,31].

Based on these observations of retinoid-induced developmen-
tal toxicity, we sought to examine if ornithine and cystine are
altered through RAR-dependent or independent mechanisms using
Ro 41-5253 co-treatments in human iPS cells. We also evaluated
the ability of the assay to rank the developmental toxicity poten-
tial of a series of related retinoid analogues in human iPS cells
based on the dTP concentration compared to published human and
in vivo potency. The compounds studied were ATRA, 13-cis-RA, 9-
cis-retinoic acid (9-cis-RA), etretinate, acitretin (active metabolite
of etretinate), retinol and 4-[(E)-2-(5,6,7,8-Tetrahydro-5,5,8,8-
tetramethyl-2-naphthalenyl)-1-propenyl]benzoic acid (TTNPB).
Each has been characterized in terms of developmental toxicity
potency in both in vivo and in vitro models.

2. Materials and methods
2.1. Chemicals

Ro 41-5253 (purity 100%, CAS 144092-31-9), TTNPB (>99.5%,
CAS 71441-28-6), and dimethyl sulfoxide (DMSO) were purchased
from Sigma-Aldrich (St. Louis, MO) for all three experimental
replicates. Acitretin (98%, CAS 55079-83-9), etretinate (98%, CAS
54350-48-0) and 9-cis-RA (97%, CAS 5300-03-8) were purchased
from Toronto Research Chemicals (Toronto, ON, Canada) for all
three experimental replicates. ATRA (>98%, CAS 302-79-4) and 13-
cis-RA (98%, CAS 4759-48-2) were purchased from Sigma-Aldrich
or Toronto Research Chemicals. Retinol (>97%, CAS 68-26-8) was
purchased from MP Biomedicals (Solon, OH) or Toronto Research
Chemicals. Methotrexate (>99.6%, CAS 59-05-2), which was used
for the positive and negative plate controls, was obtained from
Selleck Chemicals (Houston, TX)

2.2. Human iPS cell maintenance

ATCC-HYRO0103 human iPS cells (ATCC® ACS-1007™, Manas-
sas, VA) were maintained in mTeSR1 media (StemCell Technologies,
Vancouver, BC, Canada) on 6-well tissue culture plates coated with
Matrigel hESC-Qualified Matrix (Corning, Bedford, MA). Cells were
passaged approximately every seven days using ReLeSR™ (Stem-
Cell Technologies) following the manufacturers recommendations.
To maintain the undifferentiated stem cell population, differenti-
ated colonies were removed daily through aspiration and media
was replaced. All cell culture was performed at 37°C, 5% CO, in
a humidified atmosphere. Cells were karyotyped approximately
every 10 passages to monitor the potential for genetic instability
and the absence of mycoplasma was routinely confirmed with the
MycoAlert Mycoplasma Detection Kit (Lonza, Rockland, ME).

2.3. Human iPS cell plating and retinoid treatments

All experimental treatments were carried out in 96-well plates.
Cells were plated as a single-cell suspension and maintained in an
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undifferentiated state during test chemical exposure as described
previously [6]. Briefly, iPS cells were seeded on the inner 60 wells of
a Matrigel-coated 96-well plate at a density of 100,000 cells/well in
mTeSR1 containing 10 wM Y-27632 Rho-associated kinase (ROCK)
inhibitor (ATCC).

Chemical exposure began approximately 24 h after plating. Each
test chemical was tested at eight concentrations. Additionally, each
retinoid was tested in the presence of 10 wuM Ro 41-5253. Test
chemical stock solutions were prepared in 100% DMSO and diluted
1:1000 in mTeSR1 (final DMSO concentration=0.1%). Human iPS
cells were exposed to test chemicals for 48 h, which allows the cells
to undergo at least two population doublings and was previously
determined to be the optimal timepoint for metabolic response.
Spent media was aspirated daily and replaced with fresh media. The
spent media from the last 24-h treatment period was collected for
analysis and added to acetonitrile (final acetonitrile concentration
40%, Honeywell Burdick & Jackson, Muskegon, MI). The acetonitrile
solution also contained L-arginine-!3Cg hydrochloride (Cambridge
Isotope Laboratories, Andover, MD) as an internal standard (ISTD).
If necessary, quenched samples were stored at —80°C until pre-
pared ultra- performance liquid chromatography-high resolution
mass spectrometry (UPLC-HRMS) analysis. The CellTiter-Fluor Cell
Viability Assay was used to assess cell viability after sample col-
lection according the manufacturers recommendations (Promega,
Madison, WI). Two quality control (QC) procedures were evaluated
to determine if a set of samples (96-well plate) were included in
this study. First, the reference control sample coefficient of varia-
tion (CV) for the viability relative fluorescent units (RFU) could not
exceed 10%. Second, the positive (1 wM methotrexate) and negative
(0.005 wM methotrexate) control treatments had to be correctly
predicted to ensure that the iPS cell metabolism was within the
assay specifications.

2.4. Sample preparation

High molecular weight constituents (>10KDa) of the spent
media samples were removed using a Millipore Multiscreen
Ultracel-10 filter plate (EMD Millipore, Billerica, MA) as described
previously [6]. The filtrate was collected and concentrated
overnight in a Savant High Capacity Speedvac Plus Concentrator.
The concentrated sample was resolubilized in a 1:1 mixture of 0.1%
formic acid in water (Fisher Chemical, Fair Lawn, NJ) to 0.1% formic
acid in acetonitrile (Fisher Chemical) containing L-ornithine-13Cs
hydrochloride and L-cystine-13Cg, 1°N; (Cambridge Isotope Labo-
ratories) as additional ISTDs.

2.5. Mass spectrometry

UPLC-HRMS data was acquired as described previously [6].
Briefly, data was obtained using a LC-HRMS Q-TOF or TOF system
(Agilent Technologies, Santa Clara, CA) with a Waters Acquity UPLC
BEH Amide column (Waters, Milford, MA) for chromatographic sep-
aration of metabolites. Data was collected over a 6.5-min solvent
gradient with 0.1% formic acid in water and 0.1% formic acid in
acetonitrile.

2.6. Data analysis

The extracted ion chromatogram (EIC) areas for ornithine, cys-
tine and ISTDs were determined using the Agilent MassHunter
Quantitative Analysis software, version B.05.00 (Agilent Technolo-
gies). The areas of endogenous ornithine and cystine in each
sample were normalized to the spiked-in ISTDs by dividing the
endogenous metabolite signal by the corresponding isotopically
labeled ISTD area. Relative fold changes were then calculated for
each ISTD-normalized metabolite in each sample by dividing the

ISTD-normalized value by the median value of the reference treat-
ment samples (0.1% DMSO for single chemical exposure, 10 uM
Ro 41-5253 for co-exposure studies) to produce a reference-
normalized value for both metabolites in each sample within a
plate of cell culture samples. The o/c ratio was calculated for each
sample on a plate by dividing the reference-normalized value of
ornithine by the reference-normalized value of cystine. To deter-
mine the relative fold changes for cell viability, the RFU values were
first background corrected by subtracting the RFU value of the treat-
ment specific media blank from the sample RFU. Next, the values
were reference-normalized by dividing the background-corrected
RFU value of each sample by the average background-corrected RFU
value of the reference treatment.

Dose-response curves and statistical analyses for the o/c ratio,
cell viability, ornithine response and cystine response were per-
formed with GraphPad Prism (version 7.02, GraphPad Software,
San Diego, CA). Each data set was fit with a four-parameter log-
logistic or multiphasic nonlinear model. The dTP concentration
was predicted from the point where the dose-response curve for
the o/c ratio crossed the developmental toxicity threshold (iPSC
dTT=0.85). The dTP concentration was calculated separately for
each biological repeat, yielding three dTP values for each retinoid.
An analysis of variance test (ANOVA) was applied to test the null
hypothesis that there was no difference in the treatment rankings
between biological repeats.

An extra sum-of-squares F test (GraphPad Prism 7) was used
to determine if co-treatment with 10 uM Ro 41-5253 signifi-
cantly shifted the cell viability, ornithine, cystine and o/c ratio
dose-response curves under the null hypothesis that one curve
adequately fits all data sets (i.e., the data sets have the same top,
bottom, ICsg and hill slope best-fit values), and the alternative
hypothesis that there was a different dose-response curve for each
data set (i.e., the data sets have different top, bottom, ICs¢ and Hill
slope best-fit values). The effect of Ro 41-5253 co-treatment was
further analyzed to identify the concentration level where the two
curves deviate using a two-way ANOVA with Ro 41-5253 presence
and retinoid concentration as the independent variables followed
by Fisher’s Least Significant Difference (LSD) post hoc test. The
resulting p values were adjusted for multiple comparisons using
Benjamini and Hochberg’s method to control the false discovery
rate (B-H FDR) [32]. The significance threshold was set at 0.05 for
all statistical tests.

3. Results

3.1. ATRA impacts ornithine and cystine metabolism in human
iPS cells

Changes in human iPS cell metabolism were measured follow-
ing treatment with ATRA, the most potent retinoid analogue, using
a wide concentration range (spanning 108 nM). ATRA treatment
elicited a multiphasic response with two inhibitory phases in the
o/c ratio (Fig. 1A). The o/c ratio dose-response curve crossed the
developmental toxicity threshold (0.85) at a very low concentration
(0.35nM, Fig. 1A). The initial inhibitory response occurred indepen-
dent of changes in cell viability. Following a plateau in response, the
o/c ratio decreased at the highest concentration tested (300 wM),
which corresponded to a 50% reduction in cell viability. This result
indicates that ATRA would be predicted to have developmental
toxicity potential at concentrations greater than 0.35nM (in this
assay).

To further explore the nature of the metabolic response,
the changes in the individual biomarkers are shown in Fig. 1B.
A pronounced concentration-dependent increase in cystine was
observed following ATRA exposure (Fig. 1B). The change in cys-
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Fig. 1. Multiphasic effects of ATRA on human iPS cell metabolism. (A) Dose-response results for cell viability (gray circles) and the o/c ratio (black squares). The solid black
horizontal line represents the developmental toxicity threshold (0.85) and the open circle signifies the developmental toxicity potential (dTP) concentration. (B) Dose-
response results for ornithine (diamonds) and cystine (triangles). For both graphs, the x-axis is the concentration (nM) of ATRA and the y-axis is the reference treatment
normalized (fold change) value. The points are mean values of 6 technical replicates from two biological replicates (3 technical reps/plate). Error bars are the standard error

of the mean. If not shown, error bars are smaller than the size of the symbol.

tine is largely responsible for the decrease in the o/c ratio and low
dTP concentration observed in response to ATRA exposure. The
ornithine response across this wide range of concentrations was
also biphasic, exhibiting a stimulatory effect on ornithine secre-
tion until the highest concentration (300 wM), which exhibited an
abrupt inhibitory effect (Fig. 1B). This sharp decrease in ornithine
is consistent with the decreased cell viability observed at this con-
centration (Fig. 1A).

3.2. Ro 41-5253 inhibits ATRA-induced metabolic response in
human iPS cells

To determine if an RAR pathway is involved in the o/c ratio
response observed following retinoid treatment, human iPS cells
were exposed to multiple concentrations of Ro 41-5253, an RARa
selective antagonist, in the presence of 10nM ATRA. At concen-
trations > 7 wM, Ro 41-5253 counteracted the ATRA-mediated o/c
ratio decrease without any impact on cell viability (o/c ratio > 0.85;
Fig. 2A). Based on these data, 10 .M Ro 41-5253 was selected
for subsequent co-exposure experiments conducted with all seven
retinoid analogues. Additional studies were conducted with ATRA
to evaluate the impact of 10 and 50 uM Ro 41-5253 co-exposure
on iPS cell ornithine and cystine metabolism across a broader con-
centration range spanning 108 nM to determine if both phases of
the ATRA-induced inhibitory effect on the o/c ratio were mediated
through an RAR pathway.

The presence of 10 wM and 50 wM Ro 41-5253 did not affect the
cell viability or multiphasic ornithine response (Supplementary Fig.
1A and 1B). Both 10 wM and 50 WM Ro 41-5253 co-treatment with
ATRA caused an increase in the concentration of ATRA required to
increase cystine (Supplementary Fig. 1C), resulting in the observed
dTP concentration to be right-shifted (increased) from the ATRA
only dTP (0.35nM) by 12-fold (4.2nM) and 200-fold (70nM),
respectively (Fig. 2B). Exposure to Ro 41-5253 alone did not impact
human iPS cell metabolism or cell viability (Supplementary Fig.
2). Taken together, these data indicate that the changes in cystine,
which drive the first inhibitory phase of the ATRA-induced o/c ratio
response, are mediated through an RAR pathway/mechanism.

3.3. ATRA-induced increases in cystine corresponds to a decrease
in glutamic acid

Cystine is transported into the cell primarily through the cys-
tine/glutamate antiporter system x.~, which transports a single

molecule of cystine into the cell for each molecule of glutamic
acid that is transported out of the cell [14]. We can observe if
retinoid exposure impacts the x.~ transport system in human iPS
cells by comparing the amount of cystine and glutamic acid in the
in the base media and how it changes upon exposure to retinoids. If
the x.~ transport function is reduced by developmental toxicants
the amount of cystine present in spent culture medium will be
increased and the levels of glutamic acid will be decreased com-
pared to normal transport in DMSO treated cells. To determine if
this system may contribute to the increased cystine present in the
spent cell culture media, we evaluated the percent difference in
cystine and glutamic acid between the spent media from iPS cells
and the media controls (no cells) since both metabolites are media
components (Fig. 3). The percent change in both glutamic acid and
cystine decreases with increasing ATRA concentration, indicating
that the cells are transporting less glutamic acid out of the cell and
less cystine is being transported into the cells (Fig. 3). When iPS
cells are co-exposed to 50 WM Ro 42-5253, the impact on glutamic
acid secretion and cystine uptake is inhibited (Fig. 3).

3.4. Ro 41-5253 inhibits retinoid-induced decreased cystine
uptake for a subset of analogues

To further evaluate the mechanisms involved in the devel-
opmental toxicity potential of different retinoid analogues,
dose-response experiments were conducted with each of the
retinoid analogues evaluated in this study in the presence and
absence of 10 WM Ro 41-5253. Each of the retinoids analyzed in
this study impacted the metabolism of human iPS cells, eliciting a
concentration-dependent decrease in the o/c ratio (Fig. 4). A sta-
tistically significant shift in the o/c ratio dose-response curve was
observed for ATRA, TTNPB, 13-cis-RA, 9-cis-RA, and acitretin (extra
sum-of-squares F test, p <0.05) when iPS cells were co-treated with
10 wM Ro 41-5253 (Fig. 4A-E). The presence of Ro 41-5253 did not
significantly impact the o/c ratio response for etretinate (p=0.09)
and retinol (p=0.80, Fig. 4F-G). For the retinoid treatments that
Ro 41-5253 co-treatment elicited a significant shift in the o/c ratio
and dTP concentration, a two-way ANOVA followed by a Fisher’s
LSD post hoc test was used to determine the concentration where
the curves differed significantly (p <0.05, indicated with an asterisk
in Fig. 3A-E). 10 uM Ro 41-5253 co-treatment caused a signifi-
cant difference in the o/c ratio at concentrations >1nM for ATRA,
>3 nM for TTNPB and 13-cis-RA, >10 nM for 9-cis-RA, and 100 nM
for acitretin.
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A concentration-dependent increase in cystine was observed
for each retinoid (Fig. 5). Co-treatment with Ro 41-5253 resulted
in a statistically significant shift in the cystine response for ATRA,
TTNPB, 13-cis-RA, 9-cis-RA, and acitretin (extra sum-of-squares F
test, p<0.0001, Fig. 5A-E). 10 wM Ro 41-5253 co-treatment caused
a significant difference in the cystine response at concentrations
>3 nM for ATRA and TTNPB, >10nM for 13-cis-RA, >30nM for 9-
cis-RA and acitretin.

Five of the retinoids caused a modest concentration-dependent
increase in ornithine (ATRA, TTNPB, 13-cis-RA, 9-cis-RA, acitretin;
Fig. 5A-E). In contrast, etretinate and retinol exposure resulted in a
concentration-dependent decrease in ornithine (Fig. 5F-G), which
is associated with a slight decrease in cell viability observed at
the same concentrations (Supplementary Fig. 3F-G). The acitretin-
induced ornithine response was significantly shifted when human
iPS cells were co-treated with 10 WM Ro 41-5253 (extra sum-of-
squares F test, p=0.02; Fig. 6E). At >30nM acitretin, there was a

significant difference in the ornithine response between acitretin
alone and acitretin with 10 WM Ro 41-5253. For the other retinoids
tested in the study, Ro 41-5253 co-treatment did not significantly
impact the ornithine response (Fig. 6). ATRA, TTNPB, 13-cis-RA,
9-cis-RA, and acitretin did not impact iPS cell viability (Supple-
mentary Fig. 3A-E). Etretinate and retinol exposure caused a slight
decrease (<10%) in cell viability at the highest exposure levels
(10 M and 300 pM, respectively), which was not impacted by Ro
41-5253 co-treatment (Supplementary Fig. 3F-G).

3.5. Retinoid analogues have different potency

The average dTP concentrations for each retinoid &+ Ro 41-5253
are summarized in Table 1. ATRA was consistently the most potent
retinoid tested, followed by TTNPB. The rank order for 13-cis-RA
and 9-cis-RA switched between replicates and the dTP concentra-
tion was identical for one replicate, indicating that these isomers
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Table 1
Average developmental toxicity potential (dTP) concentration for each retinoid + Ro
41-5253.

Chemical dTP, — Ro 41-5253 (nM)? dTP, +Ro 41-5253 (nM)"
ATRA 0.7 (+£0.4) 19 (£15)

TTNPB 1.3 (+0.7) 62 (+38)

13-cis-RA 3.1(+0.3) 65 (+35)

9-cis-RA 6.4 (+3.7) 36 (+9)

Acitretin 25(49) ND

Etretinate 1620 (+£1033) 1694 (+£1537)

Retinol 133,613 (+87,703) 191,536 (108,464)

ND: Not determined (dose-response curve did not cross the developmental toxicity
threshold).

2 Mean (+SEM) of 3 independent replicates.

b Mean (+SEM) of 2 independent replicates.

ATRA{ A Rep1
A B Rep2
3
TTNPB =] Rep
A
13-cis-RAA - A
-
c
o
E
- 9-cis-RAA A Bl
2
[=
Acitretin n
A
Etretinate 4 &
A
Retinol B
A
1 2 3 4 5 6

Rank

Fig. 7. Rank order of retinoid analogues in three biological replicates. Ties repre-
sented as the midpoint between ranks. The rankings were not significantly different
(ANOVA, p=0.91).

impact human iPS cell metabolism with similar potency. Acitretin
impacted iPS cell metabolism with intermediate potency. The dTP
concentration for acitretin was approximately four-fold higher
than 9-cis-RA and two orders of magnitude lower than etretinate.
Retinol was consistently the least potent retinoid tested in this
study, with an average dTP concentration that was five orders of
magnitude higher than ATRA. To determine if the ranking was
statistically significant, the dTP concentrations for each biologi-
cal repeat were used to evaluate potency and analogue ranking
(Fig. 7). There was no significant difference in the potency rank-
ings between the three independent biological replicates (ANOVA,
p=0.91). This indicates that, while the dTP concentration may
change between biological replicates, the potency order and mag-
nitude of change was consistent. These rankings were consistent
with the ranking obtained using the average dTP concentrations
(based on the three independent biological replicates, Table 1).

4. Discussion

Testing a series of chemicals with in vitro assays to determine
which chemicals are least likely to produce toxicity in vivo could
help industrial product development teams select the safest of
promising chemicals to be further developed for commercial use
as drugs, industrial chemicals, and food and cosmetic ingredi-
ents. Toward the goal of better characterizing in vitro models and
understanding their applicability, it may be useful to evaluate the
predictivity of new in vitro models within a set of chemical ana-
logues. An assay’s predictivity will likely vary with chemical class

(depending on the mechanism of toxic action) [33]. To this end, we
tested a series of seven retinoid analogues (Table 1) in the human
iPS cell-based devTOX% assay to determine the assay’s ability to
accurately rank the developmental toxicity potencies for this class
of chemicals in relation to human and animal data. Furthermore,
we sought to determine if the mechanism of developmental toxic-
ity in iPS cells measured by the o/c ratio occurs downstream from
an RAR pathway by testing each retinoid in the presence of the
RARa-selective antagonist Ro 41-5253.

All retinoids tested in this study elicited a dose-dependent
decrease in the o/c ratio. Additionally, differing dTP concentrations
were identified between the analogues, indicating that the assay
can separate the developmental toxicity potential of structurally
similar compounds. The calculated dTP concentration was used to
rank the potency of the seven retinoids (Table 1). These rankings
were compared to the published rankings and data for the mouse
embryonic stem cell test (mEST) [34] and in vivo rat and rabbit
EFD studies (Table 2). While the potency and rankings between
devTOX? and the mEST were mostly in agreement, differences
were observed in the potency of TTNPB and ATRA between the two
assays. ATRA was slightly (1.9-fold) more potent than TTNPB in
human iPS cells, whereas TTNPB was nearly 20-fold more potent
in the mEST. In vivo, TTNPB is nearly 1000-fold more developmen-
tally toxic than ATRA in several species, which has been attributed
to slower elimination of TTNPB and reduced affinity for cellular
retinoic acid binding proteins (CRABPs) [35,36]. In human placen-
tal choriocarcinoma (JEG-3) cells, TTNPB and ATRA-induced RAR
activation were similar, as was observed in this study, after 24h
of exposure while, after 72 h TTNPB activated RARs with greater
potency [35]. The difference between the potency observed in our
study and other in vitro and in vivo studies could be related to
the daily culture media (with fresh chemical) changes. Replacing
the media and chemical daily decreases the potential for effects
related to slower metabolism or disappearance from the media,
which explained the difference in potency between the 24 and 72-h
time points in the JEG-3 cells. Alternatively, these differences could
be due to species differences in TTNPB sensitivity. Such differences
have been observed in the developmental toxicity potency of other
retinoids, namely 13-cis-RA.

In human iPS cells, the potency of 13-cis-RA did not differ
significantly from 9-cis-RA (dTP=3.1 and 6.4nM, respectively)
and was 4.4-fold less potent than ATRA (Table 1). The similar
potency observed between 13-cis-RA and 9-cis-RA is concordant
with results obtained in the mEST (Table 2) [34]. In contrast, the
developmental toxicity potency of 13-cis-RA between rodents, rab-
bits and humans varies nearly two orders of magnitude [ 3], whereas
the potency of 9-cis-RA falls between ATRA and 13-cis-RA and
is more consistent between species [45]. It is well-known that
humans are more sensitive to the developmental toxicity of 13-
cis-RA than rodents or rabbits, which is believed to be a result of
species-specific differences in pharmacokinetics and metabolism
[25,26,37,46,47]. The potency of 13-cis-RA observed in this study,
in relation to the other retinoids tested, matches the increased
sensitivity observed in humans. When comparing the potency of
different RA isomers, it is important to keep in mind that isomer-
ization to other forms has been reported in other in vitro studies
[48,49]; therefore, it is likely that the cells are exposed to a combi-
nation of the isoforms.

Etretinate was one of the least potent retinoids tested in this
study, producing a dTP concentration three orders of magnitude
higher than ATRA, TTNPB, 13-cis-RA, and 9-cis-RA (Table 1). While
a similar result was observed in the mEST, etretinate was a rela-
tively potent developmental toxicant in animal studies (Table 2)
and causes developmental toxicity at doses similar to 13-cis-RA in
humans [37]. Acitretin was significantly more potent than etreti-
nate, impacting human iPS cell metabolism at concentrations two
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Table 2
Relative potency rankings of the tested retinoids in vitro and in vivo.

Model Relative Rank Order

Humans? 13-cis-RA ~ Etretinate > Retinol

devTOX9” ATRA > TTNPB > 13-cis-RA > 9-cis-RA > Acitretin » Etretinate » Retinol
mEST® TTNPB » ATRA ~ 13-cis-RA > 9-cis-RA ~ Acitretin » Etretinate > Retinol
Rat EFD¢ TTNPB » ATRA ~ 9-cis-RA ~ Etretinate > Acitretin > Retinol > 13-cis-RA
Rabbit EFD¢ TTNPB » Acitretin ~ 9-cis-RA > Etretinate > Retinol ~ ATRA > 13-cis-RA

: difference between dose/developmentally toxic exposure is >10-fold.

>: difference between dose/developmentally toxic exposure is between 1.5 and 10-fold.

~: difference between dose/developmentally toxic exposure is <1.5-fold.

2 Based on lowest non-teratogenic dose discussed in references [37-39]. Data was not available for ATRA, TTNPB, 9-cis-RA, and acitretin.

b Based on BMCs values from [34].

¢ Based on the lowest teratogenic dose from embryo-fetal development (EFD) studies (oral administration) reported in [40-44].

orders of magnitude lower than etretinate (Table 1). Acitretin
increased ornithine secretion in iPS cells, which was not observed
following etretinate exposure (Fig. 6). In order to exert its biolog-
ical effect, etretinate requires first-pass metabolism to its active
form, acitretin, which is also the suspected proximate develop-
mental toxicant [45,50]. As has been described for other in vitro
assays [34], it is unlikely that human iPS cells express the bioac-
tivation system required to convert etretinate to acitretin. While
acitretin is the suspected proximate toxicant, the data from this
study indicate that the parent compound is also developmentally
toxic, eliciting an effect on iPS cell metabolism through a non-
receptor mediated mechanism. Previous studies also indicate that
additional, non-receptor mediated, mechanisms are involved in the
toxicity of retinoids, including the phosphorylation status of cells
[51], increased reactive oxygen species [28,29] and mitochondrial
dysfunction [52].

Retinol was the least potent retinoid tested in this study, impact-
ing human iPS cell metabolism at concentrations that were five
orders of magnitude higher than ATRA (Table 1). Similarly, retinol
was the least potent compound tested in the mEST; however,
retinol caused an effect at concentrations nearly two orders of
magnitude lower than the concentrations required to alter iPS cell
metabolism [34]. In rat and rabbit EFD studies, retinol was devel-
opmentally toxic at doses lower than 13-cis-RA (Table 2) [40,53].
However, in humans the suspected developmentally toxic dose is
believed to be much higher than 13-cis-RA and etretinate [38,39],
which is consistent with the results of this study.

Retinoids are the most thoroughly studied developmental
toxicants, yet the mechanism of action for retinoid-induced devel-
opmental toxicity is not fully understood [3,25]. Numerous in vivo
and in vitro studies have shown that there is a relationship between
chemical structure and developmental toxicity outcomes, sug-
gesting that the developmentally toxic effects of retinoids are
RAR mediated (reviewed in [3,25,54,55]). The biological activity of
retinoids is largely mediated through the retinoid receptor super-
family and these receptors have distinct expression patterns during
embryonic development [21,55]. The RAR family consists of three
isomers (o, B, v) and knockout studies in mice indicate that each
subtype may have a different role in the developmental toxicity of
retinoids (reviewed in [21,55]).

The RAR antagonist (Ro 41-5253) used in this study has a high
preference for the a isoform of RAR in comparison to its affinity for
the  and vy isoforms [56]. The presence of Ro 41-5253 inhibited the
decrease in the o/c ratio for five of the seven retinoids tested in this
study (ATRA, TTNPB, 13-cis-RA, 9-cis-RA, and acitretin), which was
driven by inhibiting the observed increase in cystine (relative to the
controls) induced by these retinoids (Figs. 3 and 4). This indicates
that decreased transport of cystine across the plasma membrane
following retinoid exposure is mediated through an RAR path-
way in human iPS cells. The primary transporter responsible for
cystine transport into the cell is the cystine/glutamate antiporter

system X.~, which consists of two protein components, the 4F2
heavy chain and the xCT protein [11,14-16,57]. In this study, we
observed a decrease in the percent change of both cystine and glu-
tamic acid compared to the levels in the media following ATRA
exposure (Fig. 3). These results indicate the effect of ATRA on cys-
tine transport may be the result of changes in system x.~ function.
The xCT protein is responsible for the transport activity of system
X~ [14] and its expression is regulated by the transcription factor
nuclear factor erythroid 2-related factor 2 (NRF2) [57,58]. Multi-
ple nuclear receptors, including RARa, are known to inhibit the
transactivation NRF2 [59], and exposure to ATRA has previously
been shown to inhibit the activity of NRF2 through activation of
RAR«a [60]. Additionally, ATRA exposure decreased XCT expression
in hES cell-derived neural rosettes [61]. Based on these studies and
the impact of ATRA treatment on glutamic acid levels in the spent
media of human iPS cells, as well as the ability of Ro 41-5253 co-
treatment to inhibit this effect, we hypothesize that the change in
cystine uptake elicited by the retinoids ATRA, TTNPB, 13-cis-RA, 9-
cis-RA, and acitretin is the result of decreased xCT expression. This is
the first report directly linking an RAR signaling pathway to effects
on cystine transport in human iPS cells.

Interestingly, Ro 41-5253 co-treatment did not impact
increased ornithine secretion observed following exposure to
ATRA, TTNPB, 13-cis-RA and 9-cis-RA, but did inhibit the effect of
acitretin on ornithine secretion (Fig. 6). This suggests that retinoid-
induced ODC suppression can result from multiple mechanisms in
human iPS cells. Zheng and colleagues also found that the mech-
anism by which acitretin inhibited ODC activity differed from
ATRA, 13-cis-RA, and TTNPB [31]. Ro 41-5253 co-treatment did not
affect the changes in ornithine and cystine metabolism observed
following etretinate and retinol exposure (Figs. 3-5). Etretinate’s
structure does not have the terminal and head groups required
for RAR binding and needs to be metabolized to acitretin to acti-
vate the RARs [45,62], therefore the presence of the antagonist
would not be expected to inhibit the etretinate-induced o/c ratio
response.

Co-treatment with Ro 41-5253 indicated that the changes in
cystine metabolism occur downstream from RAR activation for
a subset of the retinoids and that the increased ornithine secre-
tion observed with retinoid treatment is not RAR-mediated. Taken
together, these results indicate that both receptor and non-receptor
mediated mechanisms are involved in retinoid developmental
toxicity. We have evaluated the o/c ratio as a marker for develop-
mental toxicity with a broad range of chemical classes with varying
mechanisms of developmental toxicity and the changes in cys-
tine concentration represent the convergence of many upstream
pathways. This study suggests that RAR activation is one of these
pathways.

In summary, this study demonstrates the application of the
human iPS cell-based devTOX4” assay for ranking a series of struc-
turally related chemicals, as well as how the assay can be used
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for elucidating potential mechanisms of developmental toxicity. All
the retinoids tested affected human iPS cell metabolism and caused
a concentration-dependent decrease in the o/c ratio, which was
driven by changes in cystine metabolism. The rankings obtained
here were largely consistent the published mEST rankings, how-
ever differed from in vivo rankings for TTNPB and etretinate. It is
important to note that the potency rankings also differed between
rats and rabbits in published studies and that neither species is
100% concordant with the relative potency that has been observed
in humans. This highlights the effects of interspecies differences
in pharmacokinetics. Development and validation of in vitro mod-
els for developmental toxicity testing is essential for reducing the
number of animals used for toxicity testing. At present, in vivo tox-
icology studies are still required by regulatory agencies for new
chemicals or pharmaceuticals to be approved for use. The data from
this study indicate that the devTOX%’ assay could be used early
in the product development pipeline to select chemicals with the
lowest potential for developmental toxicity to carry forward, thus
reducing animal use.
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Supplementary Fig. 1. Effects of 10 uM or 50 uM Ro 41-5253 co-treatments on ATRA-induced changes in iPS
cell (A) viability, (B) ornithine and (C) cystine metabolism. The x-axis is the concentration of ATRA (nM), the y-
axis is the reference treatment normalized (fold change) value for the cell viability, ornithine or cystine
response. An asterisk (*) indicates a significant difference between 10 puM Ro 41-5253 co-treatment and ATRA
alone at the indicated concentration (Fisher's LSD post hoc test, p < 0.05). A double dagger (}) indicates a
significant difference between 50 UM Ro 41-5253 co-treatment and ATRA alone at the indicated concentration
(Fisher’'s LSD post hoc test, p < 0.05). The points are mean values of three technical replicates (except ATRA,
see Figure 1). Error bars are the standard error of the mean. If not shown, error bars are smaller than the size
of the symbol.
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Supplementary Fig. 2. Exposure to Ro 41-5253 alone does not impact iPS cell metabolism. (A) Dose-
response results for iPS cell viability (gray circles) and o/c ratio (black squares) response following exposure to
Ro 41-5253. The solid black horizontal line represents the developmental toxicity threshold (0.85) (B) Dose-
response results for ornithine (gray diamonds) and cystine (black triangles). For both graphs, the x-axis is the
concentration of Ro 41-5253 (uM) and the y-axis is the reference treatment normalized (fold change) value.
The points are mean values of 3 technical replicates. Error bars are the standard error of the mean. If not
shown, error bars are smaller than the size of the symbol.
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Supplementary Fig. 3. Change in iPS cell viability following exposure to retinoids + Ro 41-5253. Dose-
response curves for the cell viability response following exposure to retinoid alone (black circles) or in the
presence of 10 UM Ro 41-5253 (gray circles) are shown for each of the analogues tested: (A) ATRA, (B)
TTNPB, (C) 13-cis-RA, (D) 9-cis-RA, (E) acitretin, (F) etretinate, and (G) retinol. The x-axis is the retinoid
concentration (nM), the y-axis is the reference treatment normalized (fold change) value for the cell viability
response. The points are mean values of 6 technical replicates from two biological replicates (3 technical
reps/plate). Error bars are the standard error of the mean. If not shown, error bars are smaller than the size of
the symbol.
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