
Supplementary Materials for
Homologous gene regulatory networks control development of apical organs 

and brains in Bilateria

Roberto Feuda and Isabelle S. Peter

Corresponding author: Roberto Feuda, rf190@leicester.ac.uk; Isabelle S. Peter, ipeter@caltech.edu

Sci. Adv. 8, eabo2416 (2022)
DOI: 10.1126/sciadv.abo2416

This PDF file includes:

Figs. S1 to S6
Tables S1 to S4



 

 

2 

 

 

 

Fig. S1: Spatial and temporal expression of regulatory genes that were not further considered in 

this study. (A) Temporal analysis of gene expression levels obtained using Nanostring N-counter 

technology for genes expressed at <50 copies per embryo during pre-gastrular development. (B) 

WMISH analysis for genes expressed above the threshold level but that are not expressed in the 

apical domain in sea urchin embryos at 30hpf. 
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Fig. S2. Time course analysis of spatial expression for 31 regulatory genes of the apical GRN 

during the patterning of the apical organ and the developmental specification of neural 

precursors. Images of WMISH stained embryos are shown on the left and Nanostring analysis on 

the right. LV, lateral view, AP, apical view. Quantitative gene expression levels during pre-

gastrular development based on Nanostring analysis are shown on the right. 
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Fig. S3. Effect of FoxQ2 perturbation on apical gene expression. Expression levels of 

regulatory genes were analysed by Nanostring analysis. Shown are changes in expression levels 

in embryos injected with control morpholinos as compared to uninjected control embryos (left) 

and embryos injected with foxq2 morpholinos as compared to control morpholinos (right). Data 

indicate that several genes of the apical GRN are affected by FoxQ2 perturbation. Red square 

indicates genes that are upregulated, blue square indicates genes that are downregulated, grey 

square indicates genes that are not affected by the perturbation (<2-fold difference).  
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Fig. S4. Orthologs of sea urchin apical transcription factors are expressed throughout the 

mouse brain. Expression of mouse orthologs of apical transcription factors in the forebrain, 

midbrain, and hindbrain of mice was determined using the mouse Gene Expression Database 

(GED). All apical transcription factors are expressed in the mouse forebrain and a majority are 

also expressed in the midbrain and hindbrain. 
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Fig. S5. Spatial expression of axial transcription factors. Expression of regulatory genes 

orthologous to those patterning the anterior/posterior axis in the vertebrate brain are analyzed by 

WMISH in sea urchin embryos at 30hpf. Dlx is expressed in aboral ectoderm while no 

ectodermal expression was observed for hh, pax2/5/8, and pax6. 
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Fig. S6. Evidence for regulatory interactions in the GRN for the sea urchin apical organ. Effects 

of perturbation of transcription factors shown in each row on the expression of regulatory genes 

shown in columns. Experiments were performed in this study and in referenced work. 
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Gene Names SPU-ID WHL Forward Primer Reverse Primer 

Ac-sc SPU_028148 WHL22.128311 AACATCGTACCAATTTCCATCC TAATACGACTCACTATAGGGAGATTTAGCAGGTCTTCATCTTCAGG 

Awh SPU_018954 WHL22.9369 CATAACCATCCCATCAATAAATCC  TAATACGACTCACTATAGGGAGATGCACAGCACTCTATTTTCAATC 

Brn1/2/4 SPU_016443 WHL22.40221 TTGTTCAGTCTATCCTCGAAAC TAATACGACTCACTATAGGGAGACGTCACATGCTGTTCCTTTGTACC 

Dach SPU_018581, SPU_028061 WHL22.169355 AACATTCCTCTCTCACTCACACC TAATACGACTCACTATAGGGAGAATAGCAAATCTCCTCTGTTCAGC 

Delta SPU_016128 WHL22.423696 CCCTACGAGTGTGAGAAGAAGG TAATACGACTCACTATAGGGAGATTCATTTGCAGTGTTGGATACG 

Dri SPU_005718 WHL22.544150 AGCACACTTCGAGAAACAACC TAATACGACTCACTATAGGGAGATTTCCTTTGGCAGTCTATCTGG 

Ebf3 SPU_004702 WHL22.113329 GGTGAGAAGGAGAAGGAGAAGG TAATACGACTCACTATAGGGAGAAGCAGAGTAGAGGTCAGCATACG  

Egr/z60 SPU_015358 WHL22.280477 TAAGAAGTCCAAGGAATCAATCG TAATACGACTCACTATAGGGAGAGATGTCTGCTGGTGATATGTGG 

Emx SPU_002592 WHL22.113468 AAAGCAGCAGAAGTACCTGTCG TAATACGACTCACTATAGGGATCCAGCATCAACTCGGACT 

Fgf9/16/20 SPU_006242 WHL22.343932 CGGCAGGTTTATCAGACGAT GCGTCTCTGATTGTTGCTGA 

FGFR1 SPU_007579 WHL22.472570 TGCAAACGAGAAGAGAACAGG TAATACGACTCACTATAGGGAGACTTGTTGATGGAGAGGAAGAGG 

FoxG SPU_009771 WHL22.389872 GGTGAGAAGGAGAAGGAGAAGG TAATACGACTCACTATAGGGAGAAGCAGAGTAGAGGTCAGCATACG  

FoxJ1 SPU_027969 WHL22.468365 CAAGCAGACCATGCCAAAGAA GGGACGCAGGCTTGTAGCT 

FoxK SPU_025010 WHL22.490768 GTATCTTGAGGTTTCCCAGCACAAG TAATACGACTCACTATAGGGAGATTTGGTGGTAAAGCCAGAGTA 

FoxM SPU_025590, SPU_025738 WHL22.548104 A TCTGCTTCAAAGAAAGGCTCTG GAATGTCCCACTCGGTTATTAGG 

FoxN1/4 SPU_002320 WHL22.604594 CTCCTATCCTTTCCCTGAATACC TAATACGACTCACTATAGGGAGATGAAACTGAAGGCTGTGAAGG 

Foxq2 SPU_012384   CAACCGCCTCTAATTCCAAC AACTGATAGTCTCAATGAAGAGTGC 

Fra2 SPU_021172 WHL22.538597 TGTTGACTACTATGGCGTCTGG TAATACGACTCACTATAGGGAGACGAAGTTGAAGAGTCGAGTGG 

Gbx SPU_025491, SPU_025492 WHL22.737659 CCTTACCAGAGTCAACAAAAAGC TAATACGACTCACTATAGGGAGAGGCCACAATAGTTAGCATTCG 

Hairy2/4 SPU_006814 WHL22.446908 CAAAATGCCTGTGGATACTAAACC TAATACGACTCACTATAGGGAGAGTAGACTGGAATGAAATGACTTGG  

Hbn SPU_023177 WHL22.523959 TCATTACTTCGTTGGAGTTACCC CATGAAAACGTCTGGATACTGG 

HesC SPU_021608 WHL22.235339 AGGACTGCCAAGCACCTTACA TAATACGACTCACTATAGGGAGAAGGTGCTATTGTTAAGCACTC 

Hlf SPU_004414 WHL22.306206 GAAGACGACCGGATTCTCTACTT TTGACAAGAGTCAGAAA TGAACG 

Hmx SPU_012490 WHL22.152875 ACAGTAGCCGTGAACTATCAGGA TAATACGACTCACTATAGGGAGAGCTGATGATGTAGACGATGTTGA 

Hnf6/onecut SPU_016449 WHL22.288683 CGCTAGAGAAGGCCATGAAC ACTCTCCCACTCTGCCTTGA 

Hox7 SPU_002634, SPU_005170 WHL22.630154 TCGGGGCTGTTCAGAGGAG TGAAGGAGACCAGCGAA TAGAG 

Ia1/Z176 SPU_027472 WHL22.769122 ACCCTACAAGTGCAACTGAAACA ATGGGCAAGTTGTGCAGTAATAA 

IrxA SPU_010351 WHL22.651130 CCACAAGTT A TTGTTGTTGCTGA AAAGTCTCTCAGTCA TGGAGTCG 

Isl SPU_023730, SPU_023731 WHL22.143854 CTCACTGTGCGTGCTAAACG CCTCAGGCCACA T AACTGCT  

Klf13/Z188 SPU_023727 WHL22.198668 TCTGTTGCAGGTTGGAGAATT TAATACGACTCACTATAGGGAGACGTTGTCACCGACTCACTTTT 

Klf2/4 SPU_020311 WHL22.483798 GCAGCCTTTTTAGGAGAAACC TAATACGACTCACTATAGGGAGATGAGATGAGATGACTTGGTGTAGG 

Limc1/Lhx2 SPU_004021, SPU_021313 WHL22.91758 CCTTAACAGCAGCATGAGTAGC TAATACGACTCACTATAGGGAGATGCAGAACTCTCTTGGTCAGC 

Msx SPU_022049 WHL22.119881 TAAGTCATTCCATCCAAAGCAAC TAATACGACTCACTATAGGGAGAGTCTTGGTCATCTTCAAAAGCTC 

Nfat SPU_015908 WHL22.538507 AA TGTA TCA TTGCA TACGTGGTG GCTCTTTGTTTACAA TGGAGTGC  

Nk2-2 SPU_000756 WHL22.739246 TCTTTTCTTCTCCTGGTTTCCAC TAATACGACTCACTATAGGGAGACTGACATACACGCTGATGCTG 

Nkx2.1 SPU_000757 WHL22.739581 TCGAGCTAGGGAGCTTCTGACTGTA TAATACGACTCACTATAGGGAGACTTCACGGAATCTTTGTTCATTATG 

Nkx3-2 SPU_013047 WHL22.329059 ACCTGTAGTCAA TCGTCACTCGT GCTCTCTCA TTTCCCTCCA TACT 

Not SPU_002129 WHL22.632281 AA TCCTTGGAAGACAGCACTTG TAATACGACTCACTATAGGGAGACTGAACGTACTGGTTGTCGTG 

Otx1+3 SPU_010424 WHL22.532435 AACAGCAGCAACAGCAACAG AGAGCTGCGTTCAAGGTCA T 

Ptf1a SPU_002677 WHL22.476207 AGCTAACCTGAGAGAGAGGAAGC TAATACGACTCACTATAGGGAGAGTGATGAATAGGGGTGAGTTGC 

Rfx2/3 SPU_007611, SPU_012171 WHL22.19679 AGCCAGTCTCCTTTT ACTCCA TC CA TCTGA TTGA TCTGTGACGTGT 

Riz SPU_027147 WHL22.63053 TGGAGTTCAGACAGTCACAGA TG GATTCACTTTGGGCACATTTAAC 

Rx SPU_014289 WHL22.523971 AAGAGCAACGGTGGAATAAAAAC  GCTGATTATACGTTCAGGCAAGA  

Shr2 SPU_008117 WHL22.302620  AAAGCGAAGACAGTGAGGGAGAAG TAATACGACTCACTATAGGGAGAGTGCTTGCGTATGCTGCGTTT 

Six3 SPU_018908 WHL22.121654 CTCATAGACACACCCCAGCA  AGGA TGGTGGGA TCTTTCTTC  

SmadIP SPU_022242 WHL22.553144 GATGATGGGGTAGATGACTTGG TAATACGACTCACTATAGGGAGATCACTTGCAGGACTTGTTAAAGG  

SoxB1 SPU_022820 WHL22.104606 AGCATTCTCCATCGAGAGACTTG TAATACGACTCACTATAGGGAGATTAGTACGATGGTTTCTTCTG 

SoxB2 SPU_025113 WHL22.104525 GCACGAAATACAGCATAACTT TAATACGACTCACTATAGGGAGAAAAATCGTTGACAAATTTAGC 

SoxC SPU_002603 WHL22.622787 GAAGAAATTGGCCTAGAGATATGG TAATACGACTCACTATAGGGAGAACTGAGAAGGAACAAGTGGAACC 

Z133(fez) SPU_019089, SPU_027491 WHL22.580602 CAACACCGCTACGCATATTG TTATCCGACGTCTTGTCGTG 

Z142 SPU_022841 WHL22.538539 GCGACTATGAGACAACATACAACC TAATACGACTCACTATAGGGAGATCTGTACCTCACTCTGCTCTTCC 

Z166/rxr SPU_012645, SPU_028422 WHL22.717588 ATTCCCGCATCCCTTTATTC CACACAATGGTGATGCAATTT 

Zic/zic2(z244) SPU_028583, SPU_030070 WHL22.331651 CAA TCGCGTTTCAGTTGACT AC ACGT ACCA TTCACTCAAGTTCGT  

 

Table S1. Gene IDs and sequences of primers used for generation of in situ probes.  



ehtnaP GONGGErehtnaP GONGGErehtnaPrebmun noissecca UPSeman eneG  GONGGEr
1 ac/sc SPU_028148 a1lcsA)ODL( a1lcsA2lcsA)ODL( 2lcsA2lcsA ,1lcsA)ODL( 1lcsA

2 awh SPU_018954 a8xhL ,184997COL)ODL( a8xhL8xhL)ODL( 8xhL6xhL ,8xhL)ODL( 8xhL

3 brn1/2/4 SPU_016443 Pou3f2 (LDO) Pou3f2, Pou3f1, Pou3f3,  
Pou3f4 P ,1f3uoP)ODL( 2F3UOP1f3uoP ,2f3uoP ,4f3uoP ,3f3uoP)ODL( 2F3UOP ou3f2b, Pou3f3b, Pou3f3a, Pou3f2a

4 delta SPU_016128 clD ,dlD)ODL( dlDclD ,4llD ,1llDgolohtro on1llD ,4llD)ODL( 1llD , Dll4, Dlb, Dla

5 dri SPU_005718 lp laruen( a3dirA)ODL( b3dirAb3dirA ,c3dirA ,a3dirA)ODL( b3dirA b3dirA ,A3DIRA ,60162100000PRADSNE.5597)ODL( b3dirAb3dirA ,)eta , ARID3C

6 ebf3 SPU_004702 000PTEXSNE.4638 ,1FBE)ODL( 3fbE4fbE ,1fbE ,2fbE ,3fbE)ODL( 3fbE 00027876, Ebf3, Ebf2 Ebf3a (LDO) Ebf1a, LOC557777, Ebf3, coe2, 7955.ENSDARP00000114469, 
LOC556476

8 foxG SPU_009771 gxoF)ODL( a1gxoFgolohtro ongolohtro on1gxoF ,71534mG)ODL( 1gxoF 1a, Foxg1d

9 foxj1 SPU_027969 o on1jxoF ,)etalp laruen( 2.1jxoF )ODL( 2.1jxoF1jxoFgolohtro on b1jxoF ,a1jxoFgolohtr

10 foxq2 SPU_012384 2qxoF)ODL( 2qxoFgolohtro ongolohtro ongolohtro ongolohtro on

11 hbn SPU_023177 golohtro on.a.ngolohtro on.a.ngolohtro on.a.n

12 hlf SPU_004414 aflH ,bflH)ODL( aflHflH)ODL(flHflH)ODL(flH

13 onecut SPU_016449 cenO ,3tucenO)ODL( 2tucenO2tucenO,3tucenO ,1tucenO)ODL( 2tucenO b3tucenO ,2tucenO ,a3tucenO ,1tucenO)ODL( 2tucenO2tucenO ,1tu

14 insm SPU_027472 snI ,b1msnI)ODL( b1msnI 2msnI)ODL( 1msnI1msnI ,2msnI)ODL( 1msnI m2, Insm1a

15 klf13 SPU_023727 Klf9,Zfp352,Klf16,Klf14,Klf17,Klf11,SP1,Klf10,Klf
13 31flK31flK,01flK,1pS,11flK,9flK31flK zgc:153115,znf281b,Klf9,Klf11a,Klf11b,  

Klf13 klf13

16 lhx2/9 SPU_004021, SPU_021313 ,a2xhL ,b2xhL)ODL( 9xhL2xhL ,9xhL)ODL( 9xhL2xhL ,9xhL)ODL( 9xhL  Lhx9

17 nkx2.1 SPU_000757 Nkx2-5,Nkx2-6,Nkx2-3,Nkx2-4,Nkx2-1 Nkx2-4, Nkx2-1 NKX2-5 (LDO) Nkx b1.2xkN ,a1.2xkN ,135171:cgz)ODL( 5-2XKN4-2xkN ,1-2

18 nkx3-2 SPU_013047 2.3xkN)ODL( 2-3xkN2-3xkN)ODL( 2-3xkN2-3xkN)ODL( 2-3xkN

19 not SPU_002129 hlF)ODL( otoNgolohtro on)ODL( toNotoNgolohtro on

20 otx SPU_010424 L( 5xtO2xtO ,rexiM ,xrC ,1xtO)ODL( 5xtO1xtO ,2xtO ,xrC)ODL( xrC xrC ,a1xtO ,2xtO ,b1xtO ,5xtO)OD

21 rx SPU_014289 3xR ,2xR ,1xRgolohtro onxaR ,)OW(2xaRgolohtro onxaRgolohtro on

22 six3 SPU_018908 b3xiS ,b6xiS)ODL( b6xiS3xiS ,6xiS)ODL( 6xiS3xiS ,6xiS)ODL( 6xiS , Six6a, Six3a

23 smadip SPU_022242 b1beZ ,a1beZ)ODL( b2beZ1beZ ,2beZ)ODL( 2beZ2beZ ,1beZ)ODL( 2beZ , Zeb2b, Zeb2a

24 soxb1 SPU_022820 2xoS)ODL( 2xoS2xoS)ODL( 2xoS2xoS)ODL( 2xoS

25 soxb2 SPU_025113 b12xoS ,a12xoS)ODL( b12xoS12xoS)ODL( 12xoS12xoS)ODL( 12xoS

26 soxC SPU_002603 162100000PRADSNE.5597)ODL( b4xoS 21xoS)ODL( 11xoS4xoS)ODL( 4xoS 00, Sox4b, Sox4a

27 z133/fez SPU_019089, SPU_027491 2fzF ,1fzeF.a.n1fzeF ,2fzeF.a.n1fzeF ,2fzeF.a.n

28 z166 SPU_012645 lohtro on)OW( b1ifG ,1ifG)64btbz( 551449200_PXb1ifG ,1ifG647fnZ b1ifG ,aa1ifG ,ba1ifGgo

29 zic SPU_028583 ciZ ,5ciZ ,2ciZ ,4ciZ)ODL( 1ciZ1ciZ ,5ciZ ,2ciZ ,4ciZ)ODL( 1ciZ iZ ,75371100000PRADSNE.5597 ,1ciZ ,b2ciZ ,4ciZ ,5ciZ)ODL( 1ciZ1 c2a

GONGGErehtnaPLBMESNE GONGGErehtnaPrebmun noissecca UPSeman eneG LBMESNE 

1 ac/sc SPU_028148 3-hlH ,41-hlH)ODL( 3-hlH cs,cs)1(l,esa,cAcs)1(l ,cA)ODL( cs)1(l no ortholog

2 awh SPU_018954 4-miL4-miL)ODL( 4-miLhwAhwA)ODL( hwA

3 brn1/2/4 SPU_016443  6-heC6-heCgolohtro on lvVlvV)ODL( lvV

4 delta SPU_016128 golohtro ongolohtro on2-gaLgolohtro onlDgolohtro on

5 dri SPU_005718 1-ifC1-ifC)ODL( 1-ifCnteRnteR)ODL( nteR

6 ebf3 SPU_004702 3-cnU3-cnU)ODL( 3-cnUnKnK)ODL( nK

8 foxG SPU_009771 2-hkF1-seP ,2-hkFgolohtro on1plS1plS ,2plS ,B91df)ODL( 2plS

9 foxj1 SPU_027969 tro ongolohtro ongolohtro ongolohtro on60023GC KxoF,ekil-1-SEHC holog

10 foxq2 SPU_012384 01-hkF01-hkF)ODL( 01-hkF C201dFC201dF)ODL( C201dF

11 hbn SPU_023177 1-rlAgolohtro on .a.n nbHnbH.a.n

12 hlf SPU_004414 golohtro ongolohtro on)ODL( 8-ftA1pdP1pdP)ODL( 1pdP

13 onecut SPU_016449 84-heC84-heC)ODL( 12-heC tucenOtucenO)ODL( tucenO

14 insm SPU_027472 E)ODL( 64-lgE2-nifreN ,1-nifreN2-nifreN ,1-nifreN)ODL( 2-nifreN  64-lgE64-lg

15 klf13 SPU_023727 ongolohtro on3-ftpSgolohtro ongolohtro on1pS,dtb,83oen)3(l,sppS  ortholog

16 lhx2/9 SPU_004021, SPU_021313 golohtro on3-xtT3-xtTgolohtro onpA)ODL( pA

17 nkx2.1 SPU_000757 72-heC,42-heC42-heC)ODL( 42-heC orcSorcS)ODL( orcS

18 nkx3-2 SPU_013047 golohtro ongolohtro ongolohtro onpaBpaB)ODL( paB

19 not SPU_002129 golohtro ongolohtro on)ODL( 78-heC99581GC99581GC)ODL( 99581GC

20 otx SPU_010424  1-xtT1-xtT ,73-heC ,63-heC)ODL( 63-heC)dto( cOdtO )ODL( co-dtO

21 rx SPU_014289 8-heC8-heCgolohtro ongolohtro onxR)ODL( xR

22 six3 SPU_018908  23-heC23-heC)ODL( 23-heCxitpOxitpO)ODL( xitpO

23 smadip SPU_022242 1-gaZ1-gaZ)ODL( 1-gaZ1hfZ1hfZ)ODL( 1hfZ

24 soxb1 SPU_022820 2-xoS2-xoS)ODL( 2-xoSNxoSgolohtro on)ODL( NxoS

25 soxb2 SPU_025113 o ongolohtro ongolohtro ongolohtro ona12xoS ,b12xoS)ODL( b12xoS rtholog

26 soxC SPU_002603 on)ODL( 2-meS41xoSgolohtro on)tluda eht ni sserpxe( )ODL( 41xoS  2-meSgolohtro 

27 z133/fez SPU_019089, SPU_027491 1-fzeF1-fzeF.a.nmrEmrE.a.n

28 z166 SPU_012645 golohtro on3-gaP)ODL( 3-gaPgolohtro on2-sneS ,sneS)ODL( sneS

29 zic SPU_028583 2-feR2-feR)ODL( 2-feR apOapO)ODL( apO

lahpecorp /niarB retsagonalem alihposorDseneG lacipA nihcrU aeS ic ectoderm C. elegans (head neurons, head ring ganglion)

oneX)niarbdnih/niarbdim/niarberof( esuoMseneG lacipA nihcrU aeS pus (forebrain/midbrain/hindbrain) Danio rerio  (forebrain/midbrain/hindbrain)

Table S2. Regulatory genes of five bilaterian species that are orthologous to genes expressed
in the sea urchin apical organ during pre-gastrular embryogenesis. 



GONggErehtnaPGONggErehtnaPGONggErehtnaPDI UPSeman eneG

1 BsxL SPU_019366 Bsx /  Obox5 / Obox3 / Obox1 / Obox6 
/ Obox7/ Obox8 / Nanog Bsx Ventx2.2 / Vent1 / Ventx2.1 / Ventx3.1 / 

Ventx3.2 / Vex1 / Bsx xsBxsB / xoV / gonaN / tneVxsB

2 Couptf1 a1f2rN2f2rN / 1f2rN)ODL( 1f2rN2f2rN ,1f2rN)ODL( 1f2rN768320_UPS  (LDO) Nr2f1b, Nr2f2, Nr2f1a

3 Dlx a1xlD)ODL( b4xlD1xlD)ODL( 4xlD1xlD)ODL( 4xlD518200_UPS

4 DmrtA2 atrmD)ODL( 2atrmD2atrmD)ODL( 2atrmD2atrmD)ODL( 2atrmD552100_UPS 2

5 Err grrsE / brrsE)ODL( arrsEgrrsE,brrsE, arrsE)ODL( arrsE327400_UPS  / Esrra Esrra (LDO) Esrrb, Esrrga, Esrra, Esrrgb

6 Evi1 61mdrP,moceM)ODL( moceM797810_UPS LOC733566 (LDO) / XENTR_v90025893mg 
ENSXETG00000029998 (LDO) PRDM16 / Mecom si:ch73-138e16.3 (LDO) Prdm16, 7955.ENSDARP00000119466,  

Mecom

7 Fos/Atf3 3ftA)ODL( 2lsoF3ftA)ODL( 2lsoF3ftA2lsoF371120_UPS

8 FoxC b1cxoF1cxoF / 2cxoF)ODL( 2cxoF1cxoF ,2cxoF)ODL( 2cxoF931420_UPS  (LDO) Foxc1a, Foxc1b

9 FtzF  2a5rN1a5rN / 2a5rN)ODL( 2a5rN2a5rN ,1a5rN)ODL( 2a5rN348310_UPS (LDO) Nr5a5, Nr5a2, Nr5a1a, Nr5a1b

10 Hnf1aL  ab1fnHa1fnH / b1fnH)ODL( b1fnHb1fnH,a1fnH)ODL( b1fnH503010_UPS (LDO) Hnf1ba, Hnf1bb, Hnf1a

11 Irf4 b4frI ,a4frI)ODL( 8frI4frI)ODL( 8frI4frI)ODL( 8frI778620_UPS

12 Klf15 lk)ODL( 3.01k711-112hc:is51flK)ODL( 2.51flK51flK51flK277510_UPS f15

13 Lass6 / 6sreC)ODL( 5sreC6sreC,2sreC,5sreC,4sreC )ODL( 5sreC849000_UPS   Cers5 / Cers2 Cers5 (LDO) LOC565295, Cers4a, Cers6, Cers5, Cers4b,
  Cers2a

14 Lhx3-4 DSNE.5597)ODL( 3xhL3xhL / 4xhL)ODL( 3xhL3xhL,4xhL3xhL579100_UPS ARP00000087936, Lhx4

15 Lox 1xdP)ODL( 1xdP1xdP)ODL( 1xdP1xdP1xdP990620_UPS

16 Mitf T)ODL( a3efT 3efT / ftiM)ODL( 3efT3efT,ftiM)ODL( 3efT571800_UPS fe3a, Tfe3b, Titfb

17 Mll3  d2tmKc2tmK / d2tmK)ODL( d2tmKc2tmK ,d2tmK)ODL( d2tmK564620_UPS (LDO) Kmt2ca, Kmt2cb, Mll2

18 Myc ncyM)ODL( ncyMncyM)ODL( ncyMscyM ,ncyM)ODL( ncyM661300_UPS

19 Nfe2_1 ( b1l2efN1l2efN)ODL( 1l2efN1l2efN ,2l2efN)ODL( 2l2efN257800_UPS LDO) Nfe2l1a, Nfe2l1b

20 Osr 2rsO)ODL( 2rsO2rsO)ODL( 2rsO2rsO)ODL( 2rsO778420_UPS

21 Otp aptO ,bptO)ODL( aptOptO)ODL( ptOptO)ODL( ptO092910_UPS

22 Prx1 ohtro on1xrrPdeifitnedi sgolohtro on1xrrPsgolohtro on159810_UPS logs identified Prrx1b, Prrx1a

23 Six1/2 )ODL( a2xiS1xiS  / 2xiS)ODL( 2xiS2xiS ,1xiS)ODL( 2xiS973710_UPS Six1a, Six2b, Six1b, Six2a

24 Six4 S ,b4xiS ,a4xiS)ODL( 5xiS4XIS4xiS4xiS ,5xiS)ODL( 5xiS083710_UPS ix5

25 Tbrg4 4grbT)ODL( 4grbT4grbT)ODL( 4grbT4grbT)ODL( 4grbT631020_UPS

26 Tbx20 SPU_018391 TBX20 (LDO) Tbx10, Tbx20, Tbx1, Tbx22, Tbx18,
 Tbx15 Tbx20 (LDO) Tbx18, TBX15, Tbx1, Tbx20,  

Tbx22 Tbx20 (LDO) Tbx22, Tbx20, 7955.ENSDARP0000011039
5, Tbx18, Tbx15, Tbx1

27 Tgif L( 1figT1figT)ODL( 1figT1figT2figT / 1figT / 2xl2figT621810_UPS DO) Tgif1

28 Trh apn(b3sapN)ODL( 1sapN3sapN3sapN3sapN,1sapN)ODL( 1sapN942410_UPS s1), NPAS3

bdnih-niarbdim-niarberof( esuoMseneg .ger lacipa-non nihcru aeS m-niarbrof( hsifarbeZ)niarbdnih-niarbdim-niarbrof( suponeX)niar idbrain-hindbrain)

Gene nam LBMESNEGONggErehtnaP LBMESNEGONggErehtnaPDI UPS

1 BsxL 1-baT1-baT1-baT / 15-heC / 32-heChsBhsBhsB663910_UPS

2 Couptf1 fitnedi sgolohtro on55-cnU)ODL( 19-rhNpvSpvS)ODL( pvS768320_UPS ied

3 Dlx 34-heC34-heC)ODL( 34-heC llDllD)ODL( llD518200_UPS

4 DmrtA2 5-dmD5-dmD)ODL( 5-dmDB99trmDB99trmD)ODL( B99trmD552100_UPS

5 Err di sgolohtro ondeifitnedi sgolohtro onrrErrE)ODL( rrE327400_UPS entified no orthologs identified

6 Evi1  34-lgE34-lgE)ODL( 34-lgE84301GCmaH ,84301GC)ODL( maH797810_UPS

7 Fos/Atf3 sgolohtro on1-soFdeifitnedi sgolohtro on3ftA)ODL( yaK371120_UPS  identified no orthologs identified

8 FoxC itnedi sgolohtro on.a.n)ODL( 9-hkF corCcorC)ODL( corC931420_UPS fied

9 FtzF 52-rhN52-rhN)ODL( 52-rhN 1f-ztF1f-ztF)ODL( 1f-ztF348310_UPS

10 Hnf1aL SPU_010305 no orthologs identified no orthologs identified no orthologs identified no orthologs identified no orthologs identified no orthologs identified

11 Irf4 SPU_026877 no orthologs identified no orthologs identified no orthologs identified no orthologs identified no orthologs identified no orthologs identified

12 Klf15 golohtro on1-flK / 2-flK / 3-flK51flK51flK)ODL( 51flK277510_UPS s identified no orthologs identified

13 Lass6 SPU_000948 Schlank (LDO) Schlank Schlank Hyl-1 (LDO) Hyl-2, Hyl-1 Hyl-2, Hyl-1

14 Lhx3-4  41-heC41-heC)ODL( 41-heC 3miL3miL)ODL( 3miL579100_UPS

15 Lox  ondeifitnedi sgolohtro ondeifitnedi sgolohtro on2neZ990620_UPS orthologs identified no orthologs identified no orthologs identified

16 Mitf 03-hlH03-hlH)ODL( 03-hlHftiMftiM)ODL( ftiM571800_UPS

17 Mll3 61-teS61-teS)ODL( 61-teSrrTtpL ,rrT )ODL( rrT564620_UPS

18 Myc SPU_003166 Myc (LDO) no orthologs identified no orthologs identified no orthologs identified no orthologs identified no orthologs identified

19 Nfe2_1 sgolohtro on1-nkS ,1-rnkS)ODL( 1-nkS  cnCcnC)ODL( cnC257800_UPS  identified

20 Osr SPU_024877 Bowl (LDO) Bowl, Odd, Sob Bowl, Odd, Sob Odd-1 (LDO) Odd-2, Odd-1 Odd-2, Odd-1

21 Otp di sgolohtro ondeifitnedi sgolohtro onptOptO)ODL( tpO092910_UPS entified no orthologs identified

22 Prx1 SPU_018951 CG9876 (LDO) no orthologs identified CG9876 Alr-1 (LDO) no orthologs identified no orthologs identified

23 Six1/2 di sgolohtro on43-heC ,33-heC)ODL( 43-heCoSoS)ODL( oS973710_UPS entified

24 Six4 deifitnedi sgolohtro on)ODL( 93-cnU4xiS4xiS)ODL( 4xiS083710_UPS Unc-39

25 Tbrg4 SPU_020136 CG13850 (LDO) CG13850 CG13850 B0564.7 (LDO) no orthologs identified no orthologs identified

26 Tbx20  9-baM9-baM ,1-slM9-baM diM ,51H1-grO ,diM ,51H51H193810_UPS

27 Tgif SPU_018126 Vis (LDO) / Achi (LDO) Vis, Achi Vis, Achi Ceh-60 (LDO) no orthologs identified no orthologs identified

28 Trh hlHdeifitnedi sgolohtro on)ODL( 43-hlHhrThrT)ODL( hrT942410_UPS -34

noruen daeh( snagele .C)mredotce cilahpecorp/ niarB( alihposorD s, head ring ganglion)Sea urchin non-apical reg. genes

Table S3. Regulatory genes of five bilaterian species that are orthologous to selected genes that 
are not expressed in the sea urchin apical organ during pre-gastrular embryogenesis. 



ecnerefeRniamoDB eneG .geRnoitcaretni fo epyTFT maertspU

SoxB1 Activates foxq2 Apical Ectoderm [17]
SoxB1 Represses soxb1 Apical Ectoderm [22], [17]
SoxB1 Activates soxb2 Apical Ectoderm [17]
SoxB1 Activates hnf6/onecut Apical Ectoderm [80], [17]
SoxB1 Activates nkx2.1 Apical Ectoderm [17]
SoxB1 Activates not Oral Ectoderm [17]
SoxB1 Activates nodal Oral Ectoderm [79]
Six3 Activates foxq2 Apical Ectoderm [29]
Six3 Represses nodal Oral Ectoderm [29]
Not Represses not Oral Ectoderm [81]
Nodal Represses hbn Oral Ectoderm [33]
Emx Represses foxq2 Oral Ectoderm [22]
FoxQ2 Represses foxq2 Apical Ectoderm This study and [22]
FoxQ2 Represses six3 Apical Ectoderm [22]
FoxQ2 Represses nodal Apical Ectoderm [21]
FoxQ2 Represses emx Apical Ectoderm [22]
FoxQ2 Activates nkx2.1 Apical Neuro ectoderm This study
FoxQ2 Activates dkk3 Apical Neuro ectoderm This study and [20]
FoxQ2 Activates zic Apical Neuro ectoderm This study
FoxQ2 Activates SFRP1/5 Apical Neuro ectoderm This study and [20]
FoxQ2 Activates foxj1 Apical Neuro ectoderm This study
FoxQ2 Activates nkx3-2 Apical Neuro ectoderm This study
FoxQ2 Activates lhx2-9 Apical Neuro ectoderm This study
FoxQ2 Activates soxc Neural Differantion This study 
FoxQ2 Activates ac/sc Neural Differantion This study 
FoxQ2 Activates ebf3 Neural Differantion This study 
SoxC Activates brn1/2/4 Neural Differantion This study and [24]
SoxC Activates ebf3 Neural Differantion This study 
SoxC Activates insm Neural Differantion This study
Hbn Activates soxc Apical Neuro ectoderm This study
Hbn Activates smadIP/zfhx Apical Neuro ectoderm [33]
Hbn Activates z133/fez Apical Neuro ectoderm [33]
Delta/Notch Represses soxc Neural Specification This study and [23]

Table S4. List of regulatory interactions between an upstream transcription factor (TF) and a
downstream regulatory gene, identified here and elsewhere.
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