
RETINOID SIGNALING IN SKELETAL DEVELOPMENT: 
SCOPING THE SYSTEM FOR PREDICTIVE TOXICOLOGY 

DISCLAIMER: The views expressed are those of the presenters and do not necessarily reflect Agency policy.

Thomas B. Knudsen, PhD
Developmental Systems Biologist, US EPA

Advisory Group on Endocrine Disrupters Testing and Assessment 
(EDTA AG)  - Virtual Meeting, May 26, 2021



2

Evaluating prenatal developmental toxicity



• The retinoid pathway has parallels with endocrine signaling (EATS), but its many unique 
functions are essential to morphogenesis, growth and differentiation of the embryo.

• ATRA signaling collaborates with some of the most powerful morphogenetic signals 
known to the embryo (FGF, BMP, SHH, WNT, …).

• Threshold ATRA responses are transduced by intracellular transport, liganding of nuclear 
RAR/RXR receptors bound to RARE genomic sequences, and recruitment of NCoA. 

• ATRA-dependent gene expression is a molecular determinant of early growth, 
patterning and differentiation of the fetal skeleton (facial, vertebral, appendicular).

1. Key messages from DRP 4.97 (Annex-B) 

KEY POINT: Although it is clear that disruption of endogenous retinoid signaling has adverse 
consequences to skeletal development, from a broad DevTox regulatory context it is not clear 
which (if any) apical outcomes are attributable exclusively to retinoid-related mechanism(s).
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The retinoid pathway and morphogenetic signaling

1. Retinol (vitamin A) is ingested by the mother and stored in her liver; it circulates 
to target tissues bound to serum transporters such as transthyretin (TTR).
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The retinoid pathway and morphogenetic signaling

1

2. In the embryo, retinol is enzymatically converted to all-trans retinoic acid (ATRA). 
This capacity is acquired during gastrulation and continues through organogenesis. 
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The retinoid pathway and morphogenetic signaling

2

1 [ATRA]

3. ATRA is fashioned into biochemical gradients by the cell-specific expression of 
enzymes for its biosynthesis (RDH10, RALDH2) and breakdown (CYP26a/b/c).
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Knudsen et al., Reprod Toxicol (2021) – special issue devoted to retinoid signaling (Guest Editor: H Håkansson).

4. It is not clear which (if any) apical skeletal outcomes in chemically-induced ‘retinoid 
embryopathy’ are attributable exclusively to retinoid-related mechanism(s).
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The retinoid pathway and morphogenetic signaling



MIE
molecular initiating 

event

KE1
Key Event 1
(subcellular)

KE2
Key Event 2

(cellular)

KE3
Key Event 3

(tissue)

AO
Adverse Outcome
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REGION MIE KE1 KE2 KE3 KE4 KE5 AO

Anterior Neural Tube
Inhibition of 

CYP26A1 enzymatic 
activity 

Local increase in 
endogenous ATRA 

levels

Hyperactivation  of 
the RAR/RXR 
heterodimer

Repression of Fgf8 
limits FGF8 signaling

Mis-specification of 
CNC cell fate and 

behavior

Maxillary arch 
dysplasia alters 

palatal outgrowth  
Cleft palate

Paraxial Mesoderm
Reduction in 

RDH/RALDH2 activity 

Local decrease in 
endogenous ATRA 

levels

Hypoactivation of the 
RAR/RXR 

heterodimer

Overextension of 
FGF8 signaling

Disruption of the 
periodic somitic 

wavefront 

Altered somite 
number, shape, and 

alignment
Hemivertebra

Limb-Bud Mesoderm
Hyperactivation  of 

the RAR/RXR 
heterodimer

Underextension FGF8 
signaling from the 

AER

 Dysregulation of 
Meis1/2  and Hox 
gene expression 

Proximalization of 
the limb-bud 
mesenchyme

Mis-specification of 
precartilage 

blastema

Malformed 
cartilaginous bone 

rudiment
Phocomelia

Postulated AOPs for each skeletal domain based on literature for dietary, genetic or 
chemical disruption of endogenous ATRA signaling during embryogenesis.

2. Postulated AOPs and status of development 



1. Facial skeleton: positional information of 
premigratory neural crest cells destined for 
branchial arches (5- to 11 somite stage).

2. Vertebral skeleton: size, registration, and 
specification of somites giving rise to individual 
vertebrae/ribs (0- to 36 somite stage). 

3. Appendicular skeleton: limb-bud initiation, 
outgrowth, patterning, and differentiation (12- to 
36+ somite stage). 
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Domain-specific AOPs (provisional examples)
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Limb-Bud Mesoderm
Hyperactivation  of 

the RAR/RXR 
heterodimer

Underextension FGF8 
signaling from the 

AER

 Dysregulation of 
Meis1/2  and Hox 
gene expression 

Proximalization of 
the limb-bud 
mesenchyme

Mis-specification of 
precartilage 

blastema

Malformed 
cartilaginous bone 

rudiment
Phocomelia

Example: phocomelia due to hyperactivity of RAR

control hyper-RAR

GR
EM

1
en

do
ge

no
us

 A
TR

A

Systems model, work in progress Based on Uzkudunet al. (2015) Mol Syst Biol
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11Jocylin Pierro, EPA/CCTE

• 2946 developmental studies in EPA’s ToxRefDB with an 
adverse skeletal outcome (328 chemicals x 57,198 features).

• ToxPi slices annotated per chemical by composite and potency 
(mg/kg dosage) across these anatomical domains:

Cranium
- viscerocranium (oral, face)
- neurocranium (base, vault)
Axial skeleton
- vertebra (cervical, thoracic, lumbar)
- thoracic cage (ribs, sternum)
- cauda (tail)
Appendicular skeleton
- stylopod, zeugopod, autopod

Other - insufficient detail for mapping

Broadening the landscape
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• Phenotyping: are 
defects of the fetal 
skeleton consistent 
with AOPs linked to 
ATRA pathway?

• Chemotyping: are 
distinct structural 
features shown by 
chemicals in each 
phenotype cluster? 

Chemicals (375) clustered by ToxPi phenotype (k=5)

Work in progress, Jocylin Pierro, EPA/CCTE



• New Approach Methods (NAMs): in vitro data and in silico models 
for hazard identification with low reliance on animal testing.

• An important consideration is building NAMs for early lifestages, 
reflecting the best knowledge of human developmental biology.

• Integrated Approaches to Testing and Assessment (IATA): integrating 
information with data generated with new testing strategies.

• The ATRA system provides an excellent opportunity to establish 
reliability of NAMs and defining IATA case studies.

3. Candidate assays/endpoints 
and value for standardization
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ToxCast class distribution for retinoid target assays

Baker et al. (2018); Knudsen et al. (2021)

1. Retinoids (ATRA, retinol, bexarotene).

2. Triazoles (CYP inhibition – CYP1A1 as 
a surrogate to CYP26a/b/c).

3. persistent organic pollutants 
(selective RAR activation).

4. tert-butyl and organotin compounds 
(selective RXR activation)

Other: mitochondrial disrupters, 
anticonvulsants (VPA), flame retardants 
(PBDEs).
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Reference chemicals for the ATRA system

• Assemble candidate chemical list for each target:
– search databases (Protein Data Bank, ChEMBL, ToxCast/Tox21, …);
– advanced literature mining to define bioactivity at each target.

• For each candidate chemical:
– mine literature for MIEs, key events, and adverse outcomes; 
– e.g., skeletal defects, CNS defects, cardiovascular defects, ...

• Compile top candidate chemicals for each target: 
– detailed analysis of the Tox21 qHTS 10K dataset;
– consult with domain experts.

Baker et al. (manuscript in preparation)

Abstract Sifter Landscape View

v5.1

Subject queries:

toxicity 
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Adverse 
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OR 

congenit
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(RALDH2[
tw] OR 
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patternin
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Summary heading
Toxicity

Limb via 
RALDH2

Limb via 
RALDH2

Limb via 
RALDH2

Limb via 
RALDH2

Limb via 
RALDH2

Limb via 
RALDH2

Limb 
defects

(optional) DSSTOX link to Dashboard Preferred Name Chemical / Entity query Toxicity   DevTox
MIE:RALD

H2
KE1:RA KE2:FGF KE3:AER KE4:ZPA

KE5:dhan
d

AO:Digit

DTXSID9020584 Ethanol 64-17-5 OR Ethanol 33205 1953 45 115 245 5 0 5 69
DTXSID7022883 Daunorubicin 20830-81-3 OR Daunorubicin 23401 304 9 49 106 0 0 1 20
DTXSID5025998 Retinal 116-31-4 OR Retinal OR Retinaldehyde 22874 4302 983 631 1444 34 2 4 284
DTXSID9020584 Ethanol Ethanol[majr] 17026 1280 20 59 86 3 0 3 39
DTXSID2020006 Acetaminophen 103-90-2 OR Acetaminophen 12304 148 0 5 21 0 0 0 2
DTXSID3023556 Retinol 68-26-8 OR Retinol OR Vitamin A 8600 1276 303 6372 661 64 2 13 264
DTXSID9020740 Indomethacin 53-86-1 OR Indomethacin 7745 270 5 27 193 0 0 0 5
DTXSID5021122 Phenobarbital 50-06-6 OR Phenobarbital 6761 277 7 13 11 0 0 0 24
DTXSID7020637 Formaldehyde 50-00-0 OR Formaldehyde 6014 149 2 3 40 0 0 0 7
DTXSID7020182 Bisphenol A 80-05-7 OR Bisphenol A 4518 602 1 6 11 5 0 5 3
DTXSID4051378 Tetrachlorodibenzodioxin 41903-57-5 OR Tetrachlorodibenzodioxin 4462 624 3 26 12 1 0 0 8
DTXSID7021239 all-trans-Retinoic acid 302-79-4 OR all-trans-Retinoic acid OR Tretinoin 3985 884 253 6267 622 67 2 11 232
DTXSID3020465 Diethylstilbestrol 56-53-1 OR Diethylstilbestrol 2929 445 1 9 18 2 0 0 6
DTXSID4020329 Cimetidine 51481-61-9 OR Cimetidine 2812 25 0
DTXSID3020627 Fluconazole 86386-73-4 OR Fluconazole 2589 39 2
DTXSID0045173 Mitoxantrone dihydrochloride 70476-82-3 OR Mitoxantrone dihydrochloride OR Mitoxantrone 2489 11 0
DTXSID5039224 Acetaldehyde 75-07-0 OR Acetaldehyde 2290 94 28 21 2 0 0 0 2
DTXSID4023177 13-cis Retinoic acid 4759-48-2 OR 13-cis Retinoic acid OR Isotretinoin 2179 166 9 433 15 2 0 0 23
DTXSID4023177 Isotretinoin 13-cis Retinoic acid OR isotretinoin OR 4759-48-2 2179 166 9 433 15 2 0 0 23
DTXSID5047825 Vinorelbine tartrate 125317-39-7 OR Vinorelbine tartrate OR vinorelbine 2160 2 0
DTXSID4031980 Resveratrol 501-36-0 OR Resveratrol 2136 69 0
DTXSID5020607 Di(2-ethylhexyl) phthalate ** 117-81-7 OR Di(2-ethylhexyl) phthalate OR Diethylhexyl Phthalate 2133 250 0 5 6 0 0 1 5
DTXSID7029879 Ketoconazole 65277-42-1 OR Ketoconazole 1847 33 2
DTXSID3023180 Itraconazole 84625-61-6 OR Itraconazole 1705 13 1
DTXSID7037131 Rosiglitazone 122320-73-4 OR Rosiglitazone 1638 21 0
DTXSID5021463 Zinc diethyldithiocarbamate 14324-55-1 OR Zinc diethyldithiocarbamate OR Ditiocarb 1624 23 2
DTXSID1024122 Glyphosate 1071-83-6 OR Glyphosate 1512 201 1
DTXSID3037129 Pioglitazone 111025-46-8 OR Pioglitazone 1474 6 0
DTXSID1021322 Disulfiram 97-77-8 OR Disulfiram 1394 26 15 13 7 0 0 0 4
DTXSID6021248 Rotenone 83-79-4 OR Rotenone 1392 67 1
DTXSID5022308 Genistein 446-72-0 OR Genistein 1354 76 2 19 157 0 0 2 2
DTXSID0048185 Apomorphine hydrochloride hydra41372-20-7 OR Apomorphine hydrochloride hydrate 1284 22 0
DTXSID0040709 Tributyltin 688-73-3 OR Tributyltin 1124 177 0
DTXSID3027403 Tributyltin chloride 1461-22-9 OR Tributyltin chloride OR tributyltin 1124 177 0
DTXSID1020560 Endosulfan 115-29-7 OR Endosulfan 1109 134 2
DTXSID8020381 Deltamethrin 52918-63-5 OR Deltamethrin OR decamethrin 1060 124 0
DTXSID0047797 Idarubicin hydrochloride 57852-57-0 OR Idarubicin hydrochloride OR Idarubicin 1007 8 1
DTXSID9020453 Dieldrin 60-57-1 OR Dieldrin 993 78 1
DTXSID2021781 Dibutyl phthalate 84-74-2 OR Dibutyl phthalate 838 150 1
DTXSID70197572 Sitagliptin 486460-32-6 OR Sitagliptin 771 1 0
DTXSID2059774 Pyrazole 288-13-1 OR Pyrazole 767 36 0
DTXSID2022880 Danazol 17230-88-5 OR Danazol 720 11 0
DTXSID9023334 Montelukast 158966-92-8 OR Montelukast 628 4 1
DTXSID2025680 mono-(2-ethylhexyl)phthalate OR mono-(2-ethylhexyl)phthalate OR MEHP OR 4376-20-9 620 60 0
DTXSID0023036 Etretinate 54350-48-0 OR Etretinate 620 56 1 79 1 1 0 0 10
DTXSID9046992 Nicardipine hydrochloride 54527-84-3 OR Nicardipine hydrochloride OR Nicardipine 612 10 0
DTXSID5020239 Candesartan cilexetil 145040-37-5 OR Candesartan cilexetil OR candesartan 592 7 1
DTXSID6022553 Acitretin 55079-83-9 OR Acitretin 556 17 1 57 3 0 0 0 6
DTXSID7020267 Chlordane 57-74-9 OR Chlordane OR M 140 516 37 0
DTXSID3040649 4-Methylpyrazole 7554-65-6 OR 4-Methylpyrazole OR fomepizole 498 17 1
DTXSID5023110 Gossypol 303-45-7 OR Gossypol 456 29 0
DTXSID9036779 BPDE Benzo[a]pyrene diol epoxide 449 14 0
DTXSID7029871 Clotrimazole 23593 75 1 OR Clotrimazole 426 11 0
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Direct assays for modeling the ATRA pathway
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4. Connections with other on-going projects 
at OECD and elsewhere 

1. CPP 13 Predictive Toxicology of the Retinoid Signaling Pathway.

US EPA, CCTE
Nancy Baker, Leidos
Richard Judson
Thomas Knudsen
Jocylin Pierro
Ann Richard
Laura Taylor OECD

Patience Browne

NTP/NIEHS
Nicole Kleinstreuer,

NIH/NCATS
Srilatha Sakamuru
Menghang Xia

NCTR/FDA
Annie Lumen

Aim: mine HTS bioactivity profiles for retinoid transporters, metabolism, receptors, and 
responsive pathways that can be formally integrated with embryological knowledge on 

the embryo-fetal skeletal system as a potential IATA case study. 



18

4. Connections with other on-going projects 
at OECD and elsewhere 

US EPA
Nancy Baker
Rachel Brunner, OPP
Sid Hunter
Thomas Knudsen
Jocylin Pierro
John Rogers
Other experts (TBD)

Aim: comprehensive review of the scientific literature on endogenous ATRA signaling in 
the regulation of cardiovascular (CV) development, functioning and health focusing on 

the heart and great vessels. To be a new annex in DRP 4.79.

2. Retinoid Signaling and Cardiovascular Development.
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Aim: systematic scoping review on pluripotent stem cell assay modalities and 
applications for predictive developmental toxicity: chemical and biological domains, 

readout endpoints, standardized protocols, reproducibility and predictive performance.

3. DRP on Stem Cell Assays for Developmental Toxicity (EST).

4. Connections with other on-going projects 
at OECD and elsewhere 

EST team
Nancy Baker - Leidos
George Daston – Procter & Gamble Co.
Burkhard Flick – BASF (Berlin)
Michio Fujiwara – Astellas Pharma Inc. (Japan)
Thomas Knudsen – USEPA
Hajime Kojima – NIHS/JaCVAM (Japan)
Aldert Piersma – RIVM (Netherlands)
Horst Spielmann – Berlin (retired)
Noriyuki Suzuki – Sumitomo Chemical Co. (Japan)
Katya Tsaioun – Johns Hopkins University

• 1,250 chemicals: 
18 studies tested > 10 
chems, 174 studies 1-9 
chems.

• Most overlap: ATRA 
(17 studies), and the 
most potent of 1065 
ToxCast chemicals.



• Harmonized protocol(s) assessing the retinoid pathway would be useful for 
developmental toxicity hazard prediction in AOPs leading to fetal skeletal 
defects. 

• Translatability will depend on the integration of in vitro data with embryological 
knowledge (in vivo) using multifaceted computational tools, approaches, and 
models. 

• Due to complexity of the retinoid pathway and related networks, computer 
modeling will be useful for quantitative simulation for animal-free hazard 
evaluation. 
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Outlook
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