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The NRL gene (D14S46E) is expressed in cells ofhu­
man retina and encodes a putative DNA-binding pro­
tein of the leucine zipper family. Here we deseribe the 
ll.D.alysis oC the murine homolog of the NRL gene. Nrl. 
Variout! cDNAs resulting trom alternate polyadenyl. ­
tion are cbaracteri~ed. The deduced polypeptide se­
quence is bighly conserved between mouse and human, 
with an identical buic motif and leucine zipper do­
main. The nucleotide sequences in the 5' and S'-un­
translated relPoPIi also show signi6cant homology. Tbe 
S'-untr8.Dslated reglon contains a polymorphiC AGG· 
trinucleotide repeat. The murine Nrl Kane cOllBists or 
three elCons; of these, the first is untranslated. The 5'­
upstream promoter region has no oanonical TATA box, 
but containll consen!ru8 binding site sequences Cor sev­
eral DNA-hindinY' proteins. Analysis ot RNA (rom 
adult mOulle tbBues confirms tbe retina-lipeci6c ex­
pression of Nrl. This 6tudy provides t.be basis ror dis­
~ting tbe cis-regulatory elements involved in the ret ­
ina-,pecific expres&ion aDd for the development or an 
experiment.aJ model to inv08tigate tbe function or any 
di~ases usociated with this gene in bumalUi. c. 19113 

INTRODUCTION 

In mammalian systems, the study of tissue- or cell­
type-speci fic genes has led to the identification of 
various classes of transcription ractors . DNA-binding 
proteiDs are involved in transcription regulation and 8re 
believed to plsy a maj or role in cell prolireration and 
differentiation. The combinatorial and synergistic s c­
tion of these proteins in distinct. spatial and temporal 
patterns ensures the precise regulation or gene expres­
s ion required. for generating complex systems, particu­
larly in produci ng neuronal diversity and complexity 
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(Strohl. 1991; He and Rosenfeld, 1991). Based on DNA­
binding motifs. at least 10 distinct classes or transcrip­
tion factors have been defined (Mitchell and Tjian , 1989; 
Latchman, 1990). The lllembers of these classes contain 
mUltiple runctional domains that include a conseIVed 
region required for DNA binding. The proteins of the 
"leucine zipper" family inRuence the transc ription of 
genes by interacting with DNA 8S homo- or hetero­
wooers (Landschulz et al., 1988; Kouzarides and Ziff, 
1988). Transcription factors belonging to this class in­
clude AP1 and ATF/CREB proteins (Mitchell and 
Tjian, 1989; Hai et ai., 1989; Latchman. 1990) . 

Subtraction cDNA cloning is a useful technique for 
isolating tissue-specific genes . Using a biotin -based sub­
traction procedure, we enriched a human adult reLina 
cDN A library by removing most of the constitutively 
expressed sequences (Swaroop et m., 1991). Analysis of 
randomly isolated clones from the subtracted retinal li ­
brary identified a eDNA for NRL (neural retina leucine 
zipper), a retina-specific gene encoding a putative DNA­
binding protein with a basic motif and a leucine zipper 
domain (Swaroop et al., 1992). It was also demonstrated 
by in situ hybridization to adult baboon ratinal sections 
that the gene is expressed in outer, inner, and ganglion 
ceIl layers of neural retina. The NRL gene (D148468) 
maps to human chromosome 14ql1.1-qll .2 by somatic 
cell hybrid analysi8 nnd in situ hybridization to chromo­
some spreads (Yang-Feng and Swaroop, 1992) and may 
be a candidate for human ret.inopathies (Jackson et aI., 
1993). The strong similarity of human NRL gene prod­
uct with that o f a v-ma! transforming oncogene (rom an 
avian retrovirus (Nishizawa et at. , 1989), its evoluLion· 
ary conservation, and tissue -specific expression suggest 
a significant function for NRL in retina. T o understand 
lhe molecular mechanisms underlying the specificity of 
NRLexpression and to define its function in the develop ­
ment or the visual pathway, we isolawd the murine ho­
molog (Nrl) of the human gene. In this report, we de­
scribe the sequence ofmul'ine Nrl cDNAs, the structural 
organization of the corresponrnng gene and promoter re­
gion, and its expression in adult tissues. 
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FIG. 1. Murine Nfl eDNAs and UC[\Iencing strategy. Thick bar with restriction ilMyme sitetl represen tA the lonieBt eDNA, MRS. Approx;­

male t ize and locati?n of addit ionlll cDNAs are indi«ted above the bar, \IIlth tho number oC (Al ruiduelJ at tbe :r-end in parentbU65. The length 
lind dittCtion of 1U1"O...... below the centrsl bar 6how the ell.tent and orientatioD of the nucleotide sequence obULino>d with II panicu)u primer. 

MAT ERIALS AND METHODS 

Retinal RNA was prep~ from l-Inontb·old Balb/c mice, 113 de­
IICribed (Aa:ruwaI et aI., 1990). Total RNAs from otber adult tiMuu 
(obtained from C57/BL6 mice) were kindly provided by Dr. Miri lUO 
Mei~ lo r (Unive~ily of Michigan). Poly(A)-<- RNA from. rf!tina wu 
used to con~truct an ougo(dT)primed directional eDNA library in 
Charon 85(-) pbllge vector (Swaroop and Weiaeman, 1988) by the 
procedu.u described (S....aroop. 1993). A mouse gt.nomic tibrlUy in 
pW£15cosmid vector wu purcbMed from Stral8~ene (La Jolla, CAl . 
Methods for ilCreenina of cDNA and genomic libruin .. prepllrntion of 
philp, cosmid., or pla, mid DNA, restriction enzyme analysis, lind 
Southern and Northern analylleli wel"l.l performed esaentially aB dl­
:;cribed (Swaroop el oJ., 19S8; Sambrook e/ ol., 1989). DNA sequencina 
Wll$ performed by the dideozy chllin termination mlltbod. using dou­
bI ll -stranded plumid DNA (Zagunky rt aL. 1986) .... ith SeqlN!lnllS8 eo· 
"YlII8 (U.S. Biocbemicall, Cleveland., OH). DNA sequen.ces were lUll · 
lyud with MacVe-ctOf (lBI-Kodak. New Haven. CTI. ONASTAR 
(Mldi.Bon, WI), and GCO (Madison, Wil programe. RNA- PCR analy­
sill of total RNA hom mOU5e tiSiuei WaB performed wilh kitli from 
Perkin- Elmer-CeN s (Norwalk. CT) or lnvitrogt.n. ($an Diego. CAl 
\J&iDB the mlUluf.!lctvrer', protocols. All commonly used enzymei and 
reaBenUi were obwned from Ne.... En~d Bio1ab$ (Beverly. M AJ. 
GIBCQ·BRL (GailheMihurg. MOl. Stret.agene, or Boeb.rinier-MllI1o· 
heim (I ndianll.polill. IN). 

RESULTS 

Isol4twn and Analysis of cDNA Clones 

T he murine cDNA library was sc reened with the in · 
sert from human NRL cDNA, AS321 (Swaroop et aL, 
1992). which was labeled w1th S2p using random primers 
(Sambrook et ai., 1989), Six positive phage clones were 
plaque-purified and subsequently transferred to Blue · 
script KS( - ) plasmid by NotI digestion of phage DNA 
foUowed by rec irculariz.ation (Swaroop and Weissman. 
1988). Figure 1 shows the restriction map and sequenc' 
ing strategy for murine cDNAs, The lengthl:l and posi· 
tions of various clones are indicated. The major tran ­
script observed in mouse retina is about 2 kb (Swaroop et 
aL, 1992). The sizes and polyadenylation sites ofeDNAa 
MRl , MRS, MR7, and MRS are consistent with the size 
of this transcript. MR6 cDNA represents only a minor 
species « 10%). T he complete. sequence of the longest 
2.S·kb MR6 eDNA. obtained from botb strands. is 

shown in Figure 2. The sequences of other cDNAs are 
indicated relative to this sequence (see Fig. 2 legend). All 
eDNAs have a poiy(A) tail a t the 3'-end and are gener­
ated by polyadenylation at altern ative sites. An imper­
fect yet functionally active signal ATTAAA (Wickens, 
1990). also observed in the human NRL cDNA, is pres­
ent upstream of the poiyedenylation site in MRl , MR5, 
MR7, and MRS. The eDNA clone. MR3, results from 
polyadenylation at a si te preceded by an AATTAA up­
stream sequence, whereas polyadenyiation in MR6 
cDNA follows the sequence TATAAA. 

The sequence of murine Nrl eDNAs reveals an open 
reading frame of237 amino acids, aa in the human NRL. 
Tbe fint metbionine codon exists in the consensus 
translation initiation sequence (Kozak, 1987). The de­
rived polypeptide contains consensus sites for a number 
of protein kineses, including cAMP-dependent protein 
kinase and protein kinase C (K emp and Pearson, 1990). 
The murine sequence shows high homology to human 
NRL (about 90% in the coding region). Comparison of 
nucleotide sequence of MR6 cDNA to human 006 clone 
(a 2-kb NRL cDNA with longer 3',untranslated region, 
generated by alternative polyadenylstion) demonstrates 
significent homology even in the 5'· and 3'-untranslated 
regions (data not shown; GenBank Accession No, for 
DD6 cDNA is M95925). As expected, the murine Nrl 
sequence is also homOlogous to the v-mal oncogene and 
ita product (N ishizawa et at. 1989). Figure 3 shows the 
compari son of polypeptide sequences derived from hu­
man and mouse NRL and v-mal cDNAs. Complete iden­
tity between the Nrl polypeptides is observed in the pre­
dicted basic motif and leucine zipper domain . A remark­
able simila.rity is also seen in the NH,-terminal reg1on. 
with strong conservation ofputative p roline- and serine­
rich dom ains. This region is also highly homol ogous to 
the corresponding aequence in t he v-maf oncoge ne 
product. 

The 3'·untranslated region of the cDNA sequence 
contains a trinucleotide sequence, (AG G)lS . that can be 
further extended by two G - A substitutions and one 
nucleotide (A) deletion . This sequence shows polymor­
phic variation among strains of mice and has been used 
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CGACACCAGCCCC'l'CCTCTJ..roGAGTA'i'"M'AGTCTCCACGGMGCTCTCCC'I"M'C'T'OC't'T(:tc-'CAC'!'CACT ACCTCATC 

J. M 1\. ",.-. -If '" p S P L A H E V V NO" 16 

81 'f'C1'IX:CA'M'ACA't'CA1'(:ACATAAAGMCACCTCTCTC'I'GCTCAGTCCCACM'roOC'I"M'CCCTc:CC1IGTCCC'f"l'OGC'T'A1'OOMTA'T'O'M'MTCACTT'!' 

o L M K pe l K R EP S E G R S G V P TA S LOS l' P Y S S V P P 49 
180 C)'1"'M'C"'I'G1VC'M'Cc.v.J\TAAJ.CCCCCACCC'M'CTGAGGGCCGATC'I'CGIoG'J'CCCCItCAOCCTCC1"I'COCC'f'CACACCATACJoGC'tCCC'roCC'Y'CCT 

S P T F S E P C M V G G G E AP R P G LEE L Y W L A T L Q Q 0 L 82 
219 'i'CActCACC'l'1'CAG"I'CACCCAaX:.ATCC'l'CCG'l'GC'f'CCCC..\CCCTHJGCCN7X:C1'GGAGCACCTATA'I"l'CCC'I'COCCACCC'roCAOC)JXACC'tC 

G S 0 E 'I L G L S P I) E A VE L L 0 iii Q 0 P V S HE G P L G 'f Y S !l5 
)18 CGOTCCCA~AGTCCC~J.CMCC1lCOG'l'CCTC1'C1"C'fA'l'OO~ACTA'M'CA 

G S P G ET CliO iii V QJ.L P ER P S 0 A A L V S H S V R E L " R 0 148 
.'7 OOG~ACACJ.OGACCCCACCA'l'C'I'CC1\GCTGCCCCACACATI'Tl'CGCACOC~1'C1'C1"G1"CCC~CCCCM: 

L It G C G ROE A L R L K Q R R R T L K' NRC '{ A Q A C It S K R L 181 
$76 C'roCOGOXTGCOGCCCCGACC~J\CAGOCGCCCCACCC1'Cl.N;AAccr:;,co;,c:rI'.CCC1'CACGC1"'l'(;1'CGC1'CCA.J\CCCGC'I'C 

o 0 It It G L E II ERA II. L A ... Q LOA Lit" Ii: V A R L ARE It 0 L 214 
6'S CAACACCCGCCCGGGCTOC-'CCC1.CACCCCGC'l'CCCC'l"GGATCCCC'I'GCOGCCCCAClG'T'CCCNXCC"T'CCC'f('(;CGAOCGC(iACCTC 

'f II. A II COlt L T S C G P G SOD iii T HLP L • 217 
774 T''''T.v.oocCCOC''l'CTCACCGGC1'CACC'!'CCGGCOOCCcroaGTCCCACGT\CCACACACAC~AOCCTCTAOOGC~ 


87l 1'CC~AGA'ICCCGCT"'TACI\GGACAGG'l'.\GTACCACTMCC.v.ATCGCTACC IGlOOj I j IOTGTATOTCTAl'''CJ>,MTU'CCCCAAAC 

9 7 2. 'M'C'roAOCA.'l"CG'IGGCA'l'CCT~AGATGCT'GGTCCTM'GCTGG.>.G"TGAG'J"T<:CC'M'ttCTM"'J'GCNlCTC"CGAC1'CT1'C"TQ"'MT1IG'I'AtX; 


1071 GCAC'l'GAAT"l'CTG'I'ADC.>.GC'I'AGTCCC'JGT}I,CTGAOOIG'l'OG.>..OO'J'GTGGMXATGGCCAOO'I'OOCATCC1'CAA'J"'GCG.A.OOAoo.u.GAOGl(II(a~ 


1170 OOAocaQO·OO)QO)""'»oOQ)GOAOOOOl.OO~OQ)OQ).Q1>J.OQ)aaG'l'OCAGCTTCCCTCCTATCCATATAO'M"C'I7AA'M'CAACC1"l"M'CAATCT 

12 6~ GT'AGTGC;"'l'TAA'reC'TGTMIIA.aCMTGMGCl'CCA'M"l'TCACCCAATC'lTrCOAC'l'CTCCAT1"T'I'ACQ"'C'rAC'roGAC1'C'I'C1I<'.X:AT"'l"T'CAA'MTC(: 

1366 C'I',t..,V,CA.AAC).G'I'AAT.-.ccT(:AJlCTCM.V.'roTTC'l'TC'I'C'l'GCTCCCAGTCCC.C'J"M'ACAC:TCCAAAfX.i'.OCNJMCAM;'l'CCCCTOCA1'CCCACC 

14 67 CTGACC;;"CCTGCCCAO'I'AGTCTCMCTGTGTCACACAOOCTG'l'ATG'l'CTOTCACC'ITMGCAAAOCMTIC'I'CACAAOO'l"TT'C'TCTCA'f"M'GAACTCOA 

1566 tcAC'i"t'CCOACACTG 'M"'T"T'AO'T"T"l"TCCCAGGTCTMTGGTCTCCTCAHJ1IOOGCCCJV..GNJCAC'l'CTACCI'.AAOOGACATCC'l'GT'I'C'l'GTC'l'CA'l'CT'I'C 

1'6S CAOGCTGTACC'tT'''-OCCAAT'AGAT'ACACJ\OCAT'GCCTGCTCTGGGGACOCTCACT'l'GTACTQCCT"A}£'J'OOCCCCCT'C1'w:.GC'l''l''CCCT'COCC'!'CCAJV.. 

1' 6 4 CTGCACMCCT'GCCC'M'GCTACC'l'CCT'GCCTC'rCAG.>.GCTGMG'mAGJlCC'l'C1ICWX;"TMCAGOGAGCCOAOAOACTGTGA~ 


1663 CCTCMGTTCAAGAA».ACTMro'M'A'l'TCCCTCAG'l'CTCC'M"GCMTM'AAAAAGJlOGTM'M'CTATATC"'C1O'ro'M"OOOTAAC1Q I \"1 IC1Q'l'GTT 

1962 T'GC'i'(;AGAGAGAGAO"TCGGGAGGMGGGGGAO AACGQCTCTAC'J'C'I'1'::::T'ACCTCAf'XAC'MCA'M'CT 

20'1 'l'T'CCC'I'AAAC'l'GTCCAGA.AAGAGACCCTlTITGGlI.GCCGJlacACTCCAC1ITCTCAC'M'CTACAM;ACCM.TQCAAJ:;TOGA'M'CG~MC 


2 160 GOTCCACATCOAGCC'M'CCCACCCACCACCGCCACTACCACAACCCAAACCACCClAOGAOCAOCAGTOGOOCT1IGCT AOOCCTGTCTOTACCTGTCc'I'C 

2259 CAOO'I'CTCACAQTTCCCATCGT'AACCCAGCCCTCCAG'M'C1IGCMCATATGGGCAGOOCC'MTOGGCAOAOCACA.ACC'M"1'CWJ'M'OGGAO'l'AOC.CACC 

2358 TCA.'l'CAOCTACTGTCATCTGTCCTCTlAAGGOGCA~TGGGAGAAOCAGTCCTGTGTGGGGA(~~1 2468 


FIG. 2. Complete I)ucleotid~ 8ftquenCe of the MRS cDNA and derived polypeptide. The numberfl on the Tight correapond to the amino acid.!!. 
Vertical arro ....s indicate the po8ition of introns. The trinucleotide «,pent in the 3"UJItrllJlslnU!d tt!gion ie rep res~nted in bold.. M R3 has two 
additiOnal nucleotidea at t be 5'-end, ....hue9.& MR7 begins at position 152. Mm and MRS contain 10 or 15 additional 5'-nucleotides, 1"I!8pl1cti'Vely, 
that ate nOI p~eI!D t in the i\lnomic uquence and are perhaps artifac~ of eDNA c\onini. The positions of po\yadenylation site in the cDNAs ate 
MRJ, bp t3t4; MR7, bp 1872; MRI and MRB, bp 1875; MRS, bp 1882. Polyadenylation Bi ~·nal sequences aN unda rlined. Tbe sequenee bill! been 
dePC)$itfld in the Gen.Bank Database under Aceutiion No. Ll4935. 

to localize the Nrl gene to mouse chromosome 14 (Be­ complete sequence of the nons and Ranking region was 
spalova et aL, 1993), determined and confirmed by comparison to the cDNA 

seque nce (see Fig. 2). 
To delineate the regulatory andlor promoter ele­Murine Nrt Gene 

ments, we also obtained the sequence in the 5'-upstream 
A Ll·kb EcoRi insert from MR.5 cDNA (including the region of the Nrl gene (Fig. 6). Based on primer-exten­

coding region) was used to screen a mouse cosmid li ­ s ion ana lysis using human retinal RNA and comparison 
brary. One of the positive clones (Mcos 2C) with 835-kb of buman and murine sequences (data not shown), we 
genoOlic insert was characterized furtber. The restric­ assigned the transcription initiation site 26 bp upstream 
tioD map of the cosmid clone was generated by partiaJ of the fi rst basepair of t he eDNA sequence. This site is 
and complete rest.riction enzyme digestions and by prob­ i.dentical to the consensus CAP sequence CANYV 
ing the Soutbern blots of digests with T3 and 1'7 primer (Bucher and Trifonov, 1986), Alt.hough a canonical 
sequences Ranking the genomic insert (Sflmbrook et aL, TATA -element. is not. present, the bindi ng site se­
1989). Hybridhation of Southern blots to various parts quences for a number of DNA-bi nding proteins are ob­
of Nrl cDNA also provided information on the structure served in the immediate upstrcam region. These include 
of the gene. Figure 4 shows the restriction map of a CCAA T box, an octamer motif, an AP 2 binding site, 
Mcos2C and the organization of Nrl gene. Three exons, two E box elements (helix-loop- helix binding proteins), 
includlng a 5'-untranslated exon, constitute the mature and sites faT AP1 or a related transcription comple1 

(Mitchell and Tjian, 1989; Blackwell and Weintraub,Nrl rnRNA. The exon-intron boundaries were obtained 
1990). This suggests a com plex interaction of prote ins by sequence ana lysis using appropriate subclones and 
for regulating the development. and tissue-specific ex­oligonucleotide primers (Fig. 5). The sequence at the 
pression of the Nrl gene.cxon- intron junctions matched the published consensus 

sequences (Mount, 1982). In addition to the GT and AG Expression Analysis 
nucleotides at the donor and accepter splice sites, the Northern analysis of RNA from various human tis· 
adjacent sequences followed the consensus pattern. The sues and cell lines demonstrated that the NRL gene is 
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loiS /I ~ I"II 
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FJG.3. Comparison of deduced polypeptide sequences frolll hum&.ll a.c.d mouse Nri (MuaNrl and HumN,I, ~tiyely) and !lorD y.TfUJj 
o ncogene (AAFVMAF ). Amino acid residue. in bold indiClllU identity. The prolioe-5erina·rich domlli n in NH,.unnioa! rogion IUld amino f.l(jda 
in the basic mOlif and lhe leucintt ~ipper domain are underlinttd. Additional residues in y.m.o/ gene product are indiCBt.ed by insertions below lhe 
sequence. 

expressed only in retinal tissue and retinoblastoma cell 
lines, and its expression was detected in all neuronal 
layers by in situ hybridization to baboon retinal seetions 
(Swaroop et aL, 1992). The gene was shown to be con­
served during vertebrate evo lution , and upressed in bo­
vine, mouse, and rat retina , To confirm the specificity of 
expression, we performed Northern analysis of total 
RNA hom adult C57/BL6 mice tissues (liver, brain , kid­
ney, lung, pancreas, spleen, ovary/oviduct, parotid 
gland, submaxillary gland, and mammary gland). No 
transcript was detected using the MRS cDNA as a probe 
(data not sbown) . Furthermore, RNA-peR analysis us­
ing total RNA from these tissues and retinn identified an 
amplified Nri product only in retina (data not shown) . 

Northern analysis of RNA by Dr. Kirk Beisel (Boys 
Town National Researc h Hospital, Omaha, NE) also 
showed no expression o f Nrl in other mouse tissues, in · 
cluding heart, testes, and cochlea (personal corom., April 
3D, 1992). Nrl expression in retina (as detected by 
Northern analysis) was not. altered in response to differ ­
ent lengths of exposure of mice to a light-dark cycle 
(data not shown). 

DISCUSSION 

The molecular hierarchy o f transcription factors in ­
volved in the development of retinal neuronal cells is 
currently not understood. Recently, while analyzing 
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F'IG. 4. Re$lriction ma.p of Mto$2C o;o8mid showing the e:w;oD-intTOn Btn.tclure of tbe murine Nfl ,ene. Appropriate aeales are indicated. 

E"lO/UI are repreaent.ed by &baded areaa. Positions of initiation IlJId termination codons are identified. Abbrevilllions for l"88triction enzymes are 
B. B~HII; BJ, &t.XI; E , &oRI; H, Hind1H; M, MI«I ; S. San ; Sf, Sod; 511, Sadl; St, Stu1; X, XhoI . 
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EXON INTRON EXON- ..... 

<ce..e...... I .... '""0 . " _0 .. ... , I' an . 
00.....,"0 ....... 


spil t , donor spW~ Itteptor 

FIG . 5. Sequences at tbe tlon- intron boondari~ in the murine Nrl gene. App~p"!lte apliee s ile signals fI.re presen~ . JunellO!) sequences 
matcb with t he eo~nsu' splice dOnor /lind a~tor sequences. 

random clones from a subtracted human retina eDNA 
library, we identified a gene, named NRL. t.hat. shows a 
retina-speci6c pa.ttern of expression (Swa roop et aL, 
1992). NRL expression wa.s detected in all ce llular layers 
of nauraJ retina. AnaJysis of NRL ge ne product identi­
fied a leucine 2ipper domain, preceded by a region of 
basic amino acids, and re vealed a s trong homology to the 
product of an avian ret roviral transforming oncogene, 
v-mat (Nishizawa et aL, 1989). These results, combined 
with tbe evolutionary conservation of its gene, suggested 
that NRL gene product may function as a DNA-binding 
protein witb a significant role in retinaJ development. 
Since NRL transcript is 8pecificnlly detected in retina, 
the molecular events regulating its expression may prO­
vide significant insigbts jnt.o the differentiation of reti­
nal neurons. Genetic manipulation of the mouse embryo 
hss recently permitted molecular studies on the regula­
tion of neurona l development (Rossant, 1990). There­
fore, to elucidate the regu lati on of NRL gene expression 
and the function of its product, we have isolated and 
characterized murine Nrl cDNAs and the corresponding 
gene. 

Earlier, we observed that t ne major Nrl transcript in 
mouse retina is 2 kb, compared to 1.3 kb in human 
(Swaroop at ai, 1992). The structural analysis of murine 
cDNAs tevea1s that tbe 2-kb transcript is the result of 
polyadenylation at a later s ite. generating a larger 3'-un­
translated region. As in human NRL, this major poly­
adenylat.ion site follows an ATTAAA signal. An AA'J'­
'I'AA sequence upstream of the polyade nylation site in 
the 1.3-kb MRJ cDNA is probably responsible for ineffi­

cient polyadenylatio n (W ic kens, 1990). The next avai l­
able polyadenylation s igna l, ATTAAA, is therefore uti­
l ized in the murine Nrl gene. The longe r 2.5- kb eDNA, 
MR6, may be the result of lea kiness of the transcription 
termination macbinery and utilizes an upstream 
TATAAA sequence (Wickens, 1990). Variations in the 
lengths of the 3'-untranslated regions way cause differ­
ences in the stability or translation efficiency of Nrl 
mRNAs (see Jackson and St.8nciart, 1990). It wi ll be of 
interest to determine whether these species are clifferen­
tially expressed in reti nal cells. 

The human and murine NRL gene products are of the 
same size (23 7 amino acids) and show a. higb degree of 
conservation. Particularly remark able is the complete 
identity of the putative DNA-binding domain (basic mo­
tif and leucine zippeT) . T he proline-, serine-, and tbreo­
nine-rich amino-te rminal region of the polypeptide also 
shows strong homology (51/56 amino acids). This region 
is similar to the transcription activation domain present 
injun proteins (Lewin, 1991). It should be noted that the 
homology of Nrl gene product t.o tbat of v-rrUJ! eJ:tends 
beyond the putative DNA-binding region and is aJso ob ­
served in the NHl-terminal activation domain. This 
suggests functional simitarity of Ntl protein to that of 
the transforming v-ma! oncoprotein . 

An intriguing observation from seque nce analysis is 
the presence of a long AGG-trinuCleotide repeat. in t he 
3'-untranslated region of the muri ne N fl mRNA. A rudi­
mentary pa rt of tbi s repeat is also seen in t he human 
NRL (GGGAGGT GGAGGAGG) (Swaroop et aL, 1992). 
Altera tions in the number of tri nucleotide repeats in sav­

· 199 
AGC'M'CTC'roCGCAAGATGCCG'M"rC 1'1'1'1'1"1jCC'l"'I'M"TGC.i\GAACTC.i\TA~'l'CT'M'C 

' -0.. 
- ll1 
ACTGGCTTCTOAGTCCCTGCCCCAGr£CAhTGAGATAI\.cAAATAAGCCCTTCATCTTATTGGAT 

Ul, U2 ellT OCT 

-" 
GAGGCTCGAGGACCACAGATGhTCTCAGGGAACCAGTCC~TGTCCtcTCGCCTCTCTO 

'1'1.'1'1.1 

-.
CCCACAGCCCCCTTGTTCTGAATACAGGGACGACACCAGCCCCTGCTCTATCGAGTATTTAGTCT 

FIG. 6. The iJ:DJ:Dlldiate ~'-upltteam sequence (putative promoter region) or the murine Nrl gllnll . The nt.erisk shows t hl! first basopair of 
the eDNA sequente (see Fia. 2). +1 indic.a.te5 the site of transcription initiation, based on primer t'lltension rllult.e witb tbe bumlm NRL gen& 
nod companions between tbe bUIll&1l anti muri ne $f!quences (data not shown). Positions of eon&enaU8 DNA aequence elemenu recognized by 
various tran~ript.ion fact.on are approprietely identified. 
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eral human genes are associated with inherited diseases, 
particularly those involvin·g neuronal '·dysfunction 
(Richards and Sutherland, 1992; Suthers et aZ., 1992; 
Huntington's Disease Collaborative Research Group, 
1993). The sequence polymorpnis·m of AGG repeat, ob­
served in mouse strains, has been used to loca lize the 
murine Nrl gene to chromosome 14, in a region homolo­
gous to human chromosome 14 CBespalova et al., 1993). 
The possibility of an unstable Nrl genomic region be ­
cause ofaJterations (particularly expansion) in the t.rinu ­
cleotide repeat may be explored further. It will be of in · 
terest to determine whether mutations in this gene are 
associated with functional defect in retinal neurons. 

The mature Nrl t ranscript is derived from th ree eIons 
that spa n a genomic region of about 6 kb. The sequence 
at the exon- intron junctions in the Nrl gene conforms to 
the consensus splice sites. The organizati on of gene in 
mice and humans is almost identical (Jackson and 
Swaroop, unpublished data). Tbe first AUe codon that 
initiates an open reading frame of 237 amino acids is 
detected in the second exon. The first exon , t herefore, is 
untranslated. A remarkable sequence conservation is 
observed between tbe murine and human 5'- and 3'-un ­
translated regions. These regions are implicated in fine· 
tuning a variety of functions, which include translat.ion 
efficiency ofmRNA {Grensand Schemer, 1990), mRNA 
degradation (Fen and Daniel, 1991), and stimulation of 
transforming potential (Gishizky et at., 1991). 

The presence of binding sites for several transcription 
factors in t.he promoter region suggests that the Nrl gene 
is under stringent regulation. The topology, affinity, 
concentration, and interaction of various DNA-bineting 
proteins probably determine the exclusive expression of 
the gene in adult neural retina (see Mikhell and Tjian, 
1989; KemJer et ai, 1991). CCAAT-enhancer binding 
protein (e/EBP), ocLamer binding transcription factors 
(OTFs), and AP2 bave been implicated in morphogene ­
sis and differentiation (Okamoto et ai., 1990; Umek et 
aL, 1991; Mitchell et aL , 1991). The presence of two 
E-box sequences (CANNTG) for binding to helix-Ioop­
helix proteins and two potential target sites (TGATC­
TCA and TGAG'l'CC) for API or related transcription 
factorS suggest further selective regulation . Interest · 
ingly, we can also recognize a seque nce element, ce­
{AT)6GG, that is reminiscent of the bincling site consen· 
sus sequence for mammalian serum response factor 
(TreistDa.n, 1986). It should be mentioned that the ex ­
pression of NRL gene in human Y79 retinoblastoma cell 
line responds to serum (A. Swaroop, unpublished data). 
Adclitional expression specificity may also be imparted 
by DNA sequence elements that bind to specific retinal 
proteins. 

Analysis of RNA from a number of adult mouse tis· 
sues confirms the specificity of Nrl ez-pression in retina. 
Studies are in progress to determine ita expression duro 
ing embryonic development and during clifferentiation 
of retina l neurons. The isolation and characterization of 
cDNAs and the gene for mouse Nrl, described bere, now 
allow further investigations of the regulation of its ex­

pression by transgenic studies. They also form t.he basis 
for understanding the physiological function of NRL 
and for developing an experimental model for any in­
herited retinopathy caused by alte red function of the 
buman gene. 
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