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Supp. Figure S1. Structural analysis of the NR2E3 LBD. 

A) NR2E3 LBD homodimer crystal structure in an autorepressed conformation (PDB_4LOG), 
spanning helices 3 and 3’ (dark blue), 4 (blue), 5 (light blue), 7 (green), 8 (lime green), 9 
(yellow), 10/11 (orange) and 12 (red) (Tan et al., 2013). Variant residues analyzed in this study 
are indicated with their side chains to facilitate localization. 

B) Primary structure of the C-terminus of the hinge region and LBD of the human NR2E3 
protein (amino acids 171-410). Color shading is according to panel A and residues point-mutated 
in human patients are shown in red (see also Supp. Table S2). Residues 283 to 287 were not 
solved by X-ray crystallography. 
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Supp. Figure S2. Sequence homology between NR2E3 (PNR) and NR2A1 (HNF4α). Human 
NR2E3 (SwissProt_Q9Y5X4, 410 aa) and human NR2A1 (SwissProt_B6ZGT3, 465 aa) amino 
acid sequences were aligned with Clustal W (www.ebi.ac.uk/Tools/msa/clustalw), and, in 
parallel, aligned with Clustal Omega (www.ebi.ac.uk/Tools/msa/clustalo). Finally, the alignment 
was manually curated. Structural domains are indicated as colored bars along the sequences: A/B 
domain in purple, DBD in blue, hinge in green, LBD in yellow, and F domain in red. Observed 
or predicted α-helices (h, H) and β-sheets (s, S) are indicated in lower case for NR2E3 and in 
upper case for NR2A1. For NR2A1, LBD/LBD interactions are highlighted in yellow, 
LBD/DBD interactions in turquoise, hinge/DBD interactions in green, and hinge/LBD 
interactions in purple. Localization of mutant residues is indicated in red. 
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Supp. Figure S3. Evolutionary conservation of the NR2E3 ligand-binding domain (LBD). 
Human (homo sapiens), bovine (bos taurus), murine (mus musculus), chicken (gallus gallus), 
zebrafish (danio rerio) and sea urchin (strongylocentrotus purpuratus) sequences were aligned 
with Clustal Omega (www.ebi.ac.uk/Tools/msa/clustalo) and visualized with WAVis 
(wavis.img.cas.cz). Amino acid numbering is given on each line and single nucleotide variants 
found in human patients are indicated by stars. 
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Supp. Figure S4. Non-denaturing gel electrophoresis of NR2E3. Wild-type (wt) and mutant 
NR2E3 proteins were separated on an 8% non-denaturing polyacrylamide gel and transferred on 
membrane for Western blotting with a rabbit polyclonal antibody directed against the central 
region of NR2E3. Untransfected HEK293T cells (untrans.) and cells transfected with an empty 
pcDNA3.1-HisC vector (empty) were used as negative control. The NR2E3 monomer migrates 
at ~49 kDa and the NR2E3 dimer above 82 kDa. Representative lanes of two out of 4 gels are 
shown. 
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Supp. Figure S5. Cellular localization of NR2E3. 

A) Fluorescence imaging showed nuclear localization of NR2E3 fused to GFP (GFPNR2E3) in 
transiently transfected HEK293T cells (upper panel), in contrast to a cytoplasmic localization of 
GFP alone (lower panel). 

B) Quantification of relative (rel.) nuclear (black bar) and cytoplasmic (white bar) protein 
expression as assessed by Western Blot. Quantification was performed on four experiments, 
nuclear expression of each experimental condition set to 1 and SEM indicated. For statistical 
analysis, ordinary one-way ANOVA with Dunnett’s multiple comparison test was performed, 
comparing nuclear protein expression levels of wild-type NR2E3 (WT) to the different variants. 
GFP alone was predominantly expressed in the cytoplasm. **: p<0.01; ****: p<0.0001. 

 

 

nuclear cytoplasmic

GFP
WT W234S

A256E
A256V

L263P
R309G

R311Q
R334G

L336P
L353V

R385P
M407K

re
l. 

pr
ot

ei
n 

ex
pr

es
si

on

BA

GFP

GFPNR2E3

0.0

0.5

1.0

1.5
5

6
** **

**



von Alpen and Tran et al., Human Mutation   7 

 

 
 

 

Supp. Figure S6. Expression of NR2E3-GFP fusion proteins. HEK293T cells were transfected 
with GFPC3 and, wild-type and variant NR2E3-GFPC3 BRET2 expression vectors (upper 
panel). n. tr.: non transfected. Asterisk denotes a non-specific signal. Equal loading was assessed 
with probing the membrane for α-tubulin expression (lower panel). Note the decreased size of 
the truncated NR2E3-p.W234X protein (∆LBD).  
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Supp. Figure S7. Visual field measurements of patient II.I. Dynamic perimetry on an Octopus 
900 perimeter showed a bilateral slight supero-temporal dissociation of isopter V4e and IVe but 
were otherwise physiologic. Isopter V4e is in blue, III4e in red, and I4e in green. 
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Supp. Table S1. Primer Sequences 

Construct forward primer (5’-3’) reverse primer (5’-3’) 

E121K GACGCCGTGCAGAACAAGCGCCAGCCGCGAAG CTTCGCGGCTGGCGCTTGTTCTGCACGGCGTC 

W234S CATGGCCGTCAAGTCGGCCAAGAACCTG CAGGTTCTTGGCCGACTTGACGGCCATG 

W234X CATGGCCGTCAAGTAGGCCAAGAACCTG CAGGTTCTTGGCCTACTTGACGGCCATG 

A256E CCTGCTGGAAGAGGAGTGGAGTGAACTCTTTC GAAAGAGTTCACTCCACTCCTCTTCCAGCAGG 

A256V CCTGCTGGAAGAGGTGTGGAGTGAACTCTTTC GAAAGAGTTGACTCCACACCTCTTCCAGCAGG 

L263P GTGAACTCTTTCTCCCCGGGGCCATCCAGTG CACTGGATGGCCCCGGGGAGAAAGAGTTCAC 

R309G CAGGAAACTATCTCTGGGTTCCGGGCATTGG CCAATGCCCGGAACCCAGAGATAGTTTCCTG 

R311Q CCTGCAGGAAACTATCTCTCGGTTCCAGGCATTGGCGG CCGCCAATGCCTGGAACCGAGAGATAGTTTCCTGCAGG 

R334G CTTCAAGCCAGAGACGGGGGGCCTGAAGGATC GATCCTTCAGGCCCCCCGTCTCTGGCTTGAAG 

L336P CAGAGACGCGGGGCCCGAAGGATCCTGAGCAC GTGCTCAGGATCCTTCGGGCCCCGCGTCTCTG 

L353V CAGTCCCAAGTGATGGTGAGCCAGCACAGCAAG CTTGCTGTGCTGGCTCACCATCACTTGGGACTG 

R385P GTTTATCACTGCGGAACCCATCGAGCTCCTCTTTTTC GAAAAAGAGGAGCTCGATGGGTTCCGCAGTGATAAAC 

M407K GAAGCTCCTTTGTGATAAGTTCAAAAACTAGTGGG CCCACTAGTTTTTGAACTTATCACAAAGGAGCTTC 

NRL GGAAGATCTATGGCCCTGCCCCCCAGCCCC CGGGGTACCGAGGAAGAGGTGGGAGGGGTC 

NRLstop GGAAGATCTATGGCCCTGCCCCCCAGCCCC CGGGGTACCTCAGAGGAAGAGGTGGGAGGG 

NR1D1 GGACTCGAGTATGACGACCCTGGACTCCAAT CGGGGTACCCTGGGCGTCCACCCGGAAGGA 

NR1D1stop GGACTCGAGTATGACGACCCTGGACTCCAAT CGGGGTACCTCACTGGGCGTCCACCCGGAA 

NR2E1 GGAAGATCTATGAGCAAGCCAGCCGGATCA CGGGGTACCGATATCACTGGATTTGTACAT 

NR2E1stop GGAAGATCTATGAGCAAGCCAGCCGGATCA CGGGGTACCTTAGATATCACTGGATTTGTA 

RXRα GGAAGATCTATGGACACCAAACATTTCCTG CGGGGTACCAGTCATTTGGTGCGGCGC 

RXRαstop GGAAGATCTATGGACACCAAACATTTCCTG CGGGGTACCCTAAGTCATTTGGTGCGGCGC 

 

See Materials and Methods section for the use of primers. 
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Supp. Table S2. Variants in the NR2E3 gene 

 
aVariants are numbered in accordance to the GenBank entry NM_014249.2, where +1 corresponds to the A of 
the ATG translation initiation codon, i.e. nucleotide 191. For intronic sequences, human chromosome 15 
sequence NCBI 36:15 was used. bAmino acid changes are numbered in accordance to the SwissProt entry 
Q9Y5X4. cThe predicted effects and in vitro studies are discussed in the main text. dThis variant was initially 
repored as p.C67_G69del. eThis mutation was initially reported as p.E341K. fThis variant was initially reported 
as c.1117A>G. n.d.: not determined; n.a.: not appropriate. A list of all published NR2E3 sequence variants is 
available on www.lovd.nl/eye. 

Region DNA sequence 
changea 

Protein 
changeb 

Functional 
domain 

Predicted effect / 
in vitro studiesc First description 

intron 1 c.119-3C>G n.d. n.a. skipping of exon 2 (Audo, et al., 2008) 
intron 1 c.119-2A>C p.V41Afs*23 n.a. skipping of exon 2 (Haider, et al., 2000) 
exon 2 c.131C>A p.S44* AF1 truncated protein (Khan, et al., 2010) 
exon 2 c.142C>T p.R48C DBD/zf1 no DNA binding (Kuniyoshi, et al., 2013) 
exon 2 c.143_144del2ins25 p.R48Qfs*66 DBD truncated protein (Kannabiran, et al., 2012) 
exon 2 c.145G>A p.V49M DBD/zf1 no DNA binding (Audo, et al., 2008) 
exon 2 c.151G>A p.G51R DBD/zf1 no DNA binding (Kuniyoshi, et al., 2013) 
exon 2 c.166G>A p.G56R DBD/zf1 no DNA binding (Coppieters, et al., 2007) 
exon 2 c.194_202del9d p.N65_C67del DBD no DNA binding (Haider, et al., 2000) 
exon 2 c.196_201del6 p.G66_C67del DBD no DNA binding (Udar, et al., 2011) 
exon 2 c.202A>G p.S68G DBD no DNA binding (Park, et al., 2013) 
exon 2 c.211_213del3 p.F71del DBD no DNA binding (Pachydaki, et al., 2009) 
exon 2 c.226C>T p.R76W DBD no DNA binding (Haider, et al., 2000) 
exon 2 c.227G>A p.R76Q DBD no DNA binding (Haider, et al., 2000) 
exon 2 c.242A>G p.Y81C DBD no DNA binding (Audo, et al., 2008) 
exon 3 c.247G>A p.C83Y DBD/zf2 no DNA binding (Rocha-Sousa, et al., 2011) 
exon 3 c.263G>T p.G88V DBD/zf2 no DNA binding (Wright, et al., 2004) 
exon 3 c.290G>A p.R97H DBD/zf2 no DNA binding (Haider, et al., 2000) 
exon 3 c.310C>T p.R104W DBD/zf2 no DNA binding (Haider, et al., 2000) 
exon 3 c.311G>A p.R104Q DBD/zf2 no DNA binding (Hayashi, et al., 2005) 
exon 4 c.363C>T p.R125* DBD no LBD (Cassiman, et al., 2013) 
exon 4 c.481delA p.T161Hfs*18 hinge no LBD (Wright, et al., 2004) 
exon 5 c.701G>A p.W234S LBD/h3 impaired repression (Haider, et al., 2000) 
exon 5 c.724_725del2 p.S242Qfs*1 LBD truncated LBD (Collin, et al., 2011) 
intron 5 c.747+1G>C n.d. n.a. skipping of exon 6 (Bandah, et al., 2009) 
exon 6 c.767C>A p.A256E LBD/h4  (Sharon, et al., 2003) 
exon 6 c.767C>T p.A256V LBD/h4  (Lam, et al., 2007) 
exon 6 c.788T>C p.L263P LBD/h5 no dimerization (Wright, et al., 2004) 
exon 6 c.827_843del17 p.P276Rfs*59 LBD truncated LBD (Sharon, et al., 2003) 
exon 6 c.925C>G p.R309G LBD/h7  (Haider, et al., 2000) 
exon 6 c.932G>A p.R311Q LBD/h7 impaired repression (Haider, et al., 2000) 
exon 6 c.951delC p.T318Rfs*6 LBD truncated LBD www.lovd.nl/eye 
exon 7 c.1000C>G p.R334G LBD  (Hayashi, et al., 2005) 
exon 7 c.1007T>C p.L336P LBD no dimerization (Wright, et al., 2004) 
exon 7 c.1018G>A p.E340Ke LBD/h9  (Ripamonti, et al., 2014) 
exon 7 c.1025T>G p.V342G LBD/h9  (Siemiatkowska, et al., 2011) 
exon 7 c.1034_1038del5 p.L345Kfs*2 LBD truncated LBD (Bernal, et al., 2008) 
exon 7 c.1048C>T p.Q350* LBD truncated LBD (Nakamura, et al., 2004) 
exon 7 c.1049A>G p.Q350R LBD/h9  (Pachydaki, et al., 2009) 
exon 7 c.1057C>G p.L353V LBD/h9 no dimerization (Wright, et al., 2004) 
exon 7 c.1095C>G p.P365P LBD aberrant splicing (Wright, et al., 2004) 
intron 7 c.1101-1G>A n.d. n.a. skipping of exon 8 (Audo, et al., 2008) 
exon 7 c.1112T>G p.L371W LBD/h10h11 no dimerization (Ripamonti, et al., 2014) 
exon 8 c.1120C>T p.L374F LBD/h10h11 no dimerization (Cima, et al., 2012) 
exon 8 c.1154G>C p.R385P LBD/h10h11 impaired dimerization (Haider, et al., 2000) 
exon 8 c.1217A>Gf p.D406G LBD/h10h11 impaired dimerization (Manayath, et al., 2014) 
exon 8 c.1220T>A p.M407K LBD/h10h11 impaired dimerization (Haider, et al., 2000) 
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Supp. Table S3. Summary of functional studies on NR2E3 LBD variants 
 

Variant NR2E3 CRX NRL NR1D1 Rhodopsin M-opsin 

WT + + + + + + 

W234S ++ + + - + + 

A256E +(+) + + + - + 

A256V + + + + + + 

L263P - + + + + - 

R309G + + + + + + 

R311Q + + + + +(+) + 

R334G + + + + + + 

L336P -- + - - - - 

L353V -- + - - - - 

R385P -- + - - +(+) + 

M407K - + + + + + 

 

Missense variants of the NR2E3 LBD (Variant) were tested by BRET2 assays for the ability 
to form NR2E3 homodimers (NR2E3) and to heterodimerize with CRX, NRL and NR1D1. 
Transactivation studies tested for the ability of NR2E3 LBD variants to activate the 
rhodopsin promoter and to repress the M-opsin promoter. + sign corresponds to an activity 
comparable to the NR2E3 wild-type protein, and +(+), ++, - and -- signs indicate significant 
increases and decreases in activity. 
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