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fig. S1. Phylogenetic analyses of the molecular components of retinoid metabolism and 

signaling in P. dumerilii. Eleven different protein families were analyzed, including members of 

(A) the nuclear receptor family such as RAR and RXR (36 nuclear receptor sequences, 431 

positions analyzed), (B) of the Aldh family such as the Aldh1a and Aldh8 enzymes (51 Aldh 

sequences, 558 positions analyzed), (C) of the cytochrome P450 family such as Cyp26 enzymes 

(31 Cyp sequences, 704 positions analyzed), (D) of the Sdr family such as Rdh10 enzymes (37 

Sdr sequences, 408 positions analyzed), (E) of the Adh family such as the Adh3 enzyme (18 Adh 

sequences, 389 positions analyzed), (F) of the Cco family such as the Bco1 and Rpe65 enzymes 

(29 Cco sequences, 719 positions analyzed), (G) of the NlpC/P60 family such as Lrat enzymes 



(40 NIpC/P60 sequences, 212 positions analyzed), (H) of the acyltransferases family such as 

Dgat enzymes (16 acyltransferase sequences, 613 positions analyzed), (I) of the iLbp family such 

as Crabp (87 iLbp sequences, 219 positions analyzed), (J) of the lipocalin family such as Rbp4 

(29 lipocalin sequences, 248 positions analyzed), and (K) of the Stra6 family (24 Stra6 

sequences, 875 positions analyzed). Trees were calculated using both the Maximum Likelihood 

(ML) and Bayesian Inference (BI) methods, but only the trees resulting from the ML analyses are 

shown. Branch support values at each node are given: for the ML tree approximate likelihood-

ratio test (aLRT) and standard bootstrap support (BS) and for the BI tree posterior probability 

scores (PP) (i.e. aLRT/BS/PP), with aLRT, BS, and PP values ranging from 0.00 to 1.00. The 

absence of a support value indicates that the topologies of the trees differ at that particular node. 

For each sequence, the GenBank accession number is indicated. Species included in the analyses 

are: the cnidarian Nematostella vectensis (Nve, shown in yellow), the mollusk Lottia gigantea 

(Lgi, shown in magenta), the annelid Capitella teleta (Cte, shown in magenta), the amphioxus 

Branchiostoma floridae (Bfl, shown in violet), the fish Danio rerio (Dre, shown in dark blue), 

humans, i.e. Homo sapiens (Hsa, shown in green), and the annelid Platynereis dumerilii (Pdu, 

shown in red). The clades of the tree are grouped with different background colors: 

deuterostomes (grey), protostomes (yellow), and non-bilaterians (blue). Sequences belonging to 

the same gene subfamily are outlined with a black box and the name of the gene subfamily is 

indicated on the right side of this box.  



 

fig. S2. Alignment of RAR sequences. Retinoic acid receptor (RAR) sequences from human 

(Homo sapiens) (HomoRARα, HomoRARβ, HomoRARγ), amphioxus (Branchiostoma floridae) 

(BranchiostomaRAR), two mollusks (Nucella lapillus and Lottia gigantea) (respectively, 

NucellaRAR and LottiaRAR), and two annelids (Capitella teleta and Platynereis dumerilii) 

(respectively, CapitellaRAR and PlatynereisRAR) were included. Domains within the DNA 

binding domain, Zn-I, Zn-II, and the P-, D-, and T-boxes, as well as within the ligand-binding 

domain, α-helices (H) and β-sheets (S), are indicated. The 25 amino acids known to interact with 

all-trans retinoic acid in the ligand-binding pocket are highlighted in green. The position of the 

experimentally substituted amino acid in the P. dumerilii RAR mutant PduRAR V356F is 

indicated with a red arrow, with the amino acids of the mutation being highlighted in blue. 

HomoRARα was used as reference sequence and amino acids identical to this reference sequence 

at corresponding positions are shown as dots. The numbering in black on the top of the alignment 

is relative to the reference sequence. Amino acid positions of the individual RAR sequences are 

indicated in blue on the left and the right of the alignment. Sequences were aligned with ClustalO 

using SeaView v4.6 (61) and curated using Geneious v9.1.3 (62). 



 

fig. S3. Transactivation assays using the PduRXR. (A) The transactivation ability of P. 

dumerilii RXR (PduRXR) was tested in transfected cells in the presence of increasing 

concentrations (0.1 µM, 1 µM, and 10 µM) of 9-cis retinoic acid (9cRA) or BMS649, a RXR 

agonist. The Gal4 DNA-binding domain construct alone was used as a negative control (Ctrl). 

Bars are means ± SD (n=3). (B) Competition assay using increasing concentrations of the RXR 

antagonist UVI3003 (0.1 µM, 1 µM, and 10 µM) in the presence of 10 µM of 9-cis retinoic acid 

(9cRA). The Gal4 DNA-binding domain construct alone was used as a negative control (Ctrl). 

Bars are means ± SD (n=3). 



 

 



fig. S4. Structural analysis of the LBD of the PduRAR. (A) Overview of the four P. dumerilii 

RAR ligand-binding domains (Mol A, B, C, D) contained in the asymmetric unit. The two all-

trans retinoic acid (ATRA) ligands, present in subunits B and D, are shown as yellow spheres. 

(B) 2Fo-Fc electron density map of the ATRA from molecule B contoured at the 1σ level. The 

ligand is displayed as blue sticks. (C) View of the helix H12-exchanging dimers in the crystal 

lattice. The helix swapping involves the ATRA-bound subunits B (in blue) and D (in green) 

(sym, crystallographic symmetry-related molecules). (D) Comparison of the ability of P. 

dumerilii RAR (PduRAR) and human RARα (hRARα) to activate the transcription of the 

luciferase reporter gene was tested in transfected COS cells in the presence of all-trans retinoic 

acid (ATRA) at a concentration of 10 µM for PduRAR and of 1 µM for hRARα. Bars are the 

means ± SD (n=3). The efficiency of PduRAR to transactivate in the presence of ATRA is about 

10 times lower than that of hRARα. 

  



 

fig. S5. Expression of RA metabolic enzymes (aldh1a and cyp26) in P. dumerilii. Gene 

expression is shown in red, acetylated tubulin in green, and nuclei in blue. (A-R) Expression of 

four of the five P. dumerilii aldh1a genes. (A-D) aldh1a_1, (E-I) aldh1a_4, and (J-N) aldh1a_5 

show similar expression patterns during development. (E, F, J, K) Early, 16 hpf (hours post-

fertilization) and 20 hpf, aldh1a expression in blastoporal region in macromeres and overlying, 

superficial cells (J) as well as forming mesodermal bands (F, outlined). (A, C, G, H, L, M) At 48 

hpf to 72 hpf, aldh1a_1, aldh1a_4, and aldh1a_5 are expressed in posterior foregut (arrows) and 

posterior trunk cells, which are likely future hindgut cells (arrowheads). (B) aldh1a_1 is also 

expressed in two domains of the dorsal brain (arrows). (D, I, N) At 5 dpf (days post-fertilization) 

and 6 dpf, aldh1a_1, aldh1a_4, and aldh1a_5 expression is in tissues surrounding the midgut. 

(O-R) aldh1a_3 is characterized by a unique expression pattern. (O) Early aldh1a_3 expression 



in the apical organ (arrowhead). (P-R) In larval stages, aldh1a_3 is expressed in two dorsal 

domains in the brain (arrows) and in peripheral tissues between each parapodial segment 

(arrowheads) extending dorsally (P, inset in R). (S-U) Expression of the three P. dumerilii cyp26 

genes coincides with that of aldh1a in tissues surrounding the midgut. Background staining can 

be seen in gland cells (gl) (T). Ventral views (A, E-G, J, left images of C, D, I, N, S-U), dorsal 

views (B, O-R), and lateral views (ventral to the left) (H, right images of C, D, I, N, S-U) of 

developing P. dumerilii are shown. Scale bars: 50 µm. *, foregut; bl, blastoporal region; br, brain; 

dlm, dorsal longitudinal muscle; gl, gland cells; ma, macromeres; mdb and dashed white outline, 

mesodermal bands; mg, midgut; st.f., stomodeal field; VNC, ventral nerve cord. 

 

 



fig. S6. Validation of MOs for microinjection into P. dumerilii zygotes. (A) Schematic of the 

construct used to synthesize mRNA for morpholino oligonucleotide (MO) validation: MO target 

sequences are located upstream of a H2B-eGFP fusion protein. The synthesized mRNA (at a final 

concentration of 200 ng/µl) was co-injected with the MO complementary to the MO target 

sequence (or the 5-mismatch, 5-mm, control MO), and mRNA (at a final concentration of 120 

ng/µl) encoding H2B-RFP as a microinjection tracer at 1-2 cell stage. (B-E) rar MO (0.6 mM) 

and rar-5mm control MO (0.6 mM) as well as (F-I) rxr MO (0.4 mM) and rxr-5mm control MO 

(0.4 mM) binding specificity assessment. The MOs only inhibited translation when co-injected 

with mRNA containing, for the rar MO and the rar-5mm control MO, respectively, the rar MO 

target sequence (B,C) and the rar-5mm control MO target sequence (D,E) and, for the rxr MO 

and the rxr-5mm control MO, respectively, the rxr MO target sequence (F,G) and the rxr-5mm 

control MO target sequence (H,I), resulting in RFP-positive, but GFP-negative, embryos 

(B,E,F,I). For all MOs, mismatches between the MO and the MO target sequence in the injected 

mRNA resulted in RFP- and GFP-positive embryos (C,D,G,H), demonstrating a lack of 

recognition and binding of the MOs to heterogeneous mRNA target sequences. Injected mRNA is 

indicated on the left and the MO on the right. Embryos were analyzed after one day of 

development. Scale bars: 50 µm. 

 

 

 

 

 



 

fig. S7. Effects of ATRA and 13cRA treatments on P. dumerilii larval development. 

Developing P. dumerilii were treated from 96 hpf to 102 hpf with 5 µM all-trans retinoic acid 

(ATRA) or 5 µM 13-cis retinoic acid (13cRA) and analyzed by whole-mount in situ 

hybridization at 102 hpf. (A-F) ATRA and 13cRA treatments decrease hb9 expression in motor 

neurons, especially in segment II and III (A-C). No change of hb9 expression was observed in the 

stomodeum (arrowheads) (D-F). (G-O) Expression of hox1 and hox4 in ATRA- or 13cRA- 

treated developing P. dumerilii. The anterior boundaries of neuroectodermal expression of hox1 

(G-I) and hox4 (M-O) are unaffected by the treatments (arrows). In contrast, hox1 expression in 

stomodeum (arrowheads) and cirri (arrows) is downregulated by both ATRA and 13cRA (J-L). 

Ventral views of developing P. dumerilii are shown, and the first (I), second (II), and third (III) 

larval segments are indicated in (A,G,M). Scale bars: 50 µm. *, stomodeum; gl, gland cells. 



table S1. Data collection and refinement statistics for the PduRAR LBD–ATRA crystal 

structure complex. 
 PduRAR-LBD-ATRA 

(PDB ID 6EU9) 

 

Data collection 
 

Beam line 

 
Wavelength (Å) 

Space group 

 
Unit cell 

a, b, c (Å) 

, ,  (Å) 
 

aResolution (Å) 

 
aRedundancy 

 
aCompleteness (%) 

 
aI/I 

 
a,bRmerge 
a,cRpim  

 

 

 

Refinement 

 

Unique reflections 
 

dRwork/Rfree 

 
No. of atoms 

 

Protein 
Ligand 

Water 

 
Average B-factors (Å2) 

 

Protein 
Ligand/ion 

Water 

 
R.m.s deviations 

Bond lengths (Å) 

Bond angles (°) 
 

Ramachandran plot (%) 

Favored 
Allowed 

Outliers 

 

 
 

ESRF-ID29 

 
1.0 

C 1 2 1 

 
 

187.41 68.15 95.08 

90 100.75 90 
 

50.00 - 2.69 (2.78 - 2.69) 

 
3.2 (3.5) 

 

0.98 (0.99) 
 

17.6 (1.9) 

 
0.053 (0.589) 

0.035 (0.369) 

 
 

 

 
 

30964 

 
0.255/0.299 

 

7159 
 

7069 

44 
46 

 

52.95 
 

53.79 

71.97 
40.02 

 

 
0.019 

2.23 

 
 

95.68 
2.84 

1.48 

 
aHighest resolution shell is shown in parentheses.  
bRmerge = ∑hkl ∑j |Ij(hkl)-<I(hkl)>| / ∑hkl ∑j Ij(hkl), where I is the intensity of reflection.  
cRpim = ∑hkl [1/(N-1)]1/2∑j |Ij(hkl)-<I(hkl)>| / ∑hkl ∑j Ij(hkl), where N is the redundancy of the dataset.  
dRwork = ∑hkl | |Fobs| – |Fcalc| | / ∑hkl |Fobs|, where Fobs and Fcalc is the observed and the calculated structure factor, 

respectively.  

dRfree is the cross-validation R factor for the test set of reflections (5% of the total) omitted in model refinement. 



movie S1. Locomotion of P. dumerilii larvae upon application of exogenous RA. The 

swimming behavior of P. dumerilii larvae treated with 4 µM all-trans retinoic acid (ATRA) or 4 

µM 13-cis retinoic acid (13cRA) during postlarval development (48 hpf to 80 hpf) was recorded 

at 80 hpf. While control larvae treated with DMSO exhibit both crawling (blue tracks) and 

swimming (red tracks) behavior, both ATRA- and 13cRA-treated larvae generally abolish 

crawling movements and swim more slowly. Representative results are shown from three 

biological replicates. 

 

movie S2. Locomotion of P. dumerilii prelarvae upon application of exogenous RA. The 

swimming behavior of P. dumerilii larvae treated with 5 µM all-trans retinoic acid (ATRA) or 5 

µM 13-cis retinoic acid (13cRA) during prelarval development (12 hpf to 24 hpf) was recorded at 

24 hpf. The swimming speed of control prelarvae treated with DMSO is similar to that of ATRA- 

or 13cRA-treated prelarvae. Representative results from three biological replicates are shown. 

 




