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The NRL gene (D1141S46FE) is expressed in cells of hu-
man retina and encodes a putalive DNA-binding pro-
tein of the leucine zipper family. Here we describe the
analysis of the murine homolog of the NRL gene, Nrl.
Various cDNAs resulting from alternate poliyadenyla-
tion are characterized. T'he deduced pelypeptide se-
gquence is highly conserved between mouse and human,
with an identlical basic motif and leucine zipper do-
main. The nucleotide sequences in the b and 3'-un-
transiated regions also show significant homology. The
3-untranslated region containg a polymorphic AGG-
trinucleotide repeat. The murine Nrl gene consists of
three exons; of these, the first is untranslated. 'The 5'-
upstream promoter region has no canonical TA'TA box,
but contains consensus binding site sequences for sev-
eral DNA-binding proteins. Analysis of RNA from
adult mouse tissues conlirms the retina-specific ex-
pression of Nrl. This study provides the basis for dis-
secting the efs-regulatory elements involved in the ret-
ina-specific expression and for the development of an
experimental model to investigate the function or any
diseases associated with this gene in humans. @ 1903

Academic Press, 1nc.

INTRODUCTTON

In mammalian systems, the study of tissue- or cell-
type-specific genes has led to the identification of
various classes of transcription factors. DNA-binding
proleins are involved in transeription regulation and are
believed to play a major role in cell proliferation and
differentiation. The combinatorial and synergistic ac-
tion of these proteins in distinct spatial and temporal
patterns ensures the precise regulation of gene expres-
sion required {or generating complex systems, particu-
larly in producing neuronal diversity and complexity
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{Struhl, 1991; He and Rosen{eld, 1991). Based on DNA-
binding motifs, at least 10 distinct classes of transcrip-
tion factors have been defined (Mitchell and 'Tjian, 1989;
Latchman, 1990). The members of these classes contain
multiple functional domains that include a conserved
region required for DNA binding. The proteins of ihe
“leucine zipper” family influence the transcription of
genes by interacting with DNA as homo- or hetero-
dimers (Landschulz et al, 1988; Kouzarides and Ziff,
1988}, Transcription {factors belonging to this class in-
clude APl and ATF/CREB proteins (Mitchell and
T'jian, 1989; Hai et al., 1989; Latchman, 1990).

Subtraction ¢DNA cloning is a useful technique for
tsolating Lissue-specific genes. Using a hiotin-hased sub-
traction procedure, we enriched a human adult retina
c¢DNA library by removing most of the constitulively
expressed sequences (Swarocop et al, 1991). Analysis of
randomly isolated clones from the subtracted retinal li-
brary identified a cDNA for NRL (rneural retina leucine
zipper), a retina-specific gene encoding a putative DINA-
binding protein with a basic motifl and a leucine zipper
domain (Swaroop ef al., 1992). It was also demonstrated
by in situ hybridization Lo adull baboon retinal sections
that the gene is expressed in outer, inner, and ganglion
cell layers of neural retina, The NRL gene (D14S46E)
maps Lo human chromosome 14q11.1-q11.2 by somatic
cell hybrid analysis and in siti hybridization to chromo-
some spreads {Yang-Feng and Swaroop, 1992) and may
be a candidate for human retinopathies (Jackson et al.,
1993). The strong similarity of human NRIL. gene prod-
uct with that of a v-ma/f transforming oncogene from an
avian retrovirus (Nishizawa et al., 1989), ils evolution-
ary conservation, and tissue-specific expression suggest
a significant function for NRL in retina. To understand
the molecular mechanisms underlying the specificity of
NRIL expression and to define its function in the develop-
ment of the visual pathway, we isolated the murine ho-
molog (Nrl} of the human gene. In this report, we de-
scribe the sequence of murine Nrl cDNAs, the structural
organization of the corresponding gene and promoter re-
gion, and its expression in adult tissues.
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FIG. 1.

Murine N1l cDNAs and sequencing strategy. Thick bar with restriction enzyme sites represents the longest cDNA, MR6. Approxi-

mate size and loeation of additional eIDNAs are indicated above the bar, with the number of {A) residues at the 3'-end in parentheses. The length
and direction of arrows below the central bar show the extent and orientation of the nucleotide sequence obtained with a particular primer.

MATERIALS AND METHODS

Retinal RNA was prepared from 1-month-old Balb/c mice, as de-
scribed (Agarwal ef al, 1990}. Total RNAs from other adult tissues
{ohtained from C57/BL6& mice} were kindly provided by Dr. Miriam
Meisler (University of Michigan}. Poly(A)* RNA from retina was
used to construct an oligo(dT)primed directional cDNA library in
Charon BS(—) phage vector {(Swaroop and Weissman, 1983) by the
procedure described (Swaroop, 1993). A mouse genomic library in
pWE15 cosmid vector was purchased from Stratagene (La Jolla, CA).
Methods for screening of cDNA and genomic libraries, preparation of
phage, cosmid, or plasmid DNA, restriction enzyme analysis, and
Southern and Northern analyses were performed essentially as de-
scribed {Swaroop et al., 1988; Sambrock et al., 1989). DNA sequencing
was performed by the dideoxy chain termination method using dou-
ble-stranded plasmid DNA (Zagursky et al., 1985} with Sequenase en-
zyme (U.S. Biochemicals, Cleveland, OH). DNA sequences were ana-
lyzed with MacVector (IBI-Kodak, New Haven, CT), DNASTAR
(Madison, W1), and GCG (Madison, W1) programs. RNA-PCR analy-
sis of total RNA from mouse tissues was performed with kits from
Perkin-Elmer-Cetus (Norwalk, CT) or Invitrogen (San Diego, CA)
using the manufacturer’s protocols. All commonly used enzymes and
reagents were obtained from New England Biolabs (Beverly, MA),
GIBCO-BRL (Gaithersburg, MD}, Stratagene, or Boehringer-Mann-
heim (Indianapolis, IN).

RESULTS

Isolation and Analysis of cDNA Clones

The murine cDNA library was screened with the in-
gert from human NRL cDNA, AS321 (Swaroop et al,,
1992), which was labeled with 3P using random primers
(Sambrook et al.,, 1989). Six positive phage clones were
plague-purified and subsequently transferred to Blue-
script KS{—) plasmid by Notl digestion of phage DNA
followed by recircularization (Swarcop and Weissman,
1988). Figure 1 shows the restriction map and sequenc-
ing strategy for murine cDNAs. The lengths 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 polyvadenylation sites of cDNAs
MR1, MR5, MR7, and MRS are consistent with the size
of this transeript. MR6 ¢cDNA represents only a minor
species (<<10%). The complete sequence of the longest
2.5-kb MR6 c¢DNA, obtained from both strands, is

shown in Figure 2. The sequences of other ¢cDNAs are
indicated relative to this sequence (see Fig. 2 legend). All
¢DNAs have a poly(A) tail at the 3-end and are gener-
ated by polyadenylation at alternative sites. An imper-
fect yet functionally active signal ATTAAA (Wickens,
1990), also observed in the human NRL cDNA, is pres-
ent upstream of the polyadenylation site in MR1, MR5,
MR7, and MR8. The cDNA clone, MR3, results from
polyadenylation at a site preceded by an AATTAA up-
stream sequence, whereas polyadenylation in MR6
cDNA follows the sequence TATAAA.

The sequence of murine Nrl cDNAs reveals an open
reading frame of 237 amino acids, as in the human NRL.
The first methionine codon exists in the consensus
translation initiation sequence (Kozak, 1987). The de-
rived polypeptide contains consensus sites for a number
of protein kinases, including cAMP-dependent protein
kinase and protein kinase C (Kemp and Pearson, 1990).
The murine sequence shows high homology to human
NRL (about 90% in the coding region). Comparison of
nucleotide sequence of MR6 cDINA to human DD6 clone
{a 2-kb NRL cDNA with longer 3'-untranslated region,
generated by alternative polyadenylation) demonstrates
significant homology even in the 5'- and 3'-untranslated
regions {(data not shown; GenBank Accession No. for
DD6 ¢DNA is M95925). As expected, the murine Nrl
sequence is also homologous to the v-maf oncogene and
its product (Nishizawa et al., 1989). Figure 3 shows the
comparison of polypeptide sequences derived from hu-
man and mouse NRL and v-maf cDNAs. Complete iden-
tity between the Nrl polypeptides is observed in the pre-
dicted basic motif and leucine zipper domain. A remark-
able similarity is also seen in the NH,-terminal region,
with strong conservation of putative proline- and serine-
rich domains. This region is also highly homologous to
the corresponding sequence in the v-maf oncogene
product.

The 3'-untranslated region of the ¢cDNA sequence
contains a trinucleotide sequence, {AGG), 5, 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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CGACACCAGCCCCTGCTCTATGGAGTATT TAGTCTCCAGGGAAGCTGTGCCTTTCTGGTTCTGACAGTGACTACGTCATL

i M A F P P S P L A METYV HNDTF 16
81 TCTGCCATTACATCATCACATAAAGAACACCTCTCTOTGCTCAGTCCCAGAATGRCTTTCCCTCCCAGTCCCTTGGC TATGGARTATG TTAATGACTTT
D LM KPF EI KREUPSEOGRSGVY PTASTULGT STUPY 5 S V P P 49
180 GATTTGATGAAGTTCGAAATAAAGCGGGAGCCTTCTGAGGGCCGATCTGGAGTCCCCACAGCCTCATTGGGCTCCACACCATACAGCTCGETGCCTCCT
s PTF S E P GMV GGG EAPRUPGLTETETULTYWILATTULUOQGOQL a2
279  TCACCCACCTTCAGTGAGCCAGGCATSGTGGETGETGGLGAGGCCCCTAGGCCAGGCCTGGAGGAGCTATATTGGC TGGCCACCCTGCAGCAGCAGCTG
¢ 8 D EV L GL 8 P IDEAV ELL Q N O G P V S M EG P L G Y Y S 115
3178 GGGTCGGATGAGGTTCTCCGGCTGAGTCCCGACGAAGCTETGRAGC TG TGCAGAACCAGGGETCCTGTCTCTATGGAAGSGCCTCTTGGCTACTATTCA
G S P G ETCGAOQUHV L, P ERF & DAALTYV S MSVVRETLUNT RQ 148
477 GGGAGCCCGGGAGAGACAGEAGCCCAGCATGTCCAGCTGCCCGAGAGATTTTCGGACGCCGCGUTGGTCTCGATGTCTGTGCGCGAGTTGAACCGECAG
L R ¢ ¢ G RDEATLURIULIK®®RIRIRTILIEKWNINWRGY A ¢ A CR 8 KR L 181
576 CTGCGGGGCTGCGEECGCCACGAGGCTCTGCGECTGAAGCAGAGGCGCCGCACGCTCARGAACCGCGGCTACGCTCAGGCTTGTCGCTCCAAGCGECTG
Q § R R G L E A E R AR L A A QL D AL U RAEUV A2 RL A REZ RTUDL 214
675 CAACAGCGGCECGGECTGRAGGCAGAGCCCGCTCGCCTEGUCGCCCAGCTEGATGCCCTGUGEGCCGAGGTGECACGCCTGEC TCGCGAGCGLGALCTC
Y K ARCDU RLTS$G G PG S DDHTUHILTF L * 237
774 TATARGGCCCGCTGTGACCGGCTGACCTCCGGCGGCCCTGGGTCCGACGACCACACACACCTCTTCCTCTGAGCCTC TAGGGC AGGEGETGTEGCGGTT
873 TGGAGGTGGCTGGGTAGATGGCGCTATACAGGAGAGGTAGTACCACTAACCAAATCGCTACCTGTGGTTTTGTGTATGTCTATACARATATCCCCAAAC
972 TTCTGAGCATCGTGGCATGCTAGAGGTTAGATGC TGGTCCTTTGCTGGAGATGAGTTCCCTTCCCTTTTGCAGGTCACGACTCTTCATGATTTAGTAGG
1071 GCACTGAATTCTGTAGGAGCTAGTGLCTGTACTGAGGGTCGAGGTGTGEAGGATGGGCAGGTGGCATGC TGAATGGGAGGAGGAAGAGGAGEAGGAGGA
1170 GGAGGAGGAGGAGGAGGAGGAGGAGGGGAGGAGGAGGAGGAGAAGGAGGGTGCAGCTTCCCTCCTATCCATATAGTTC TTAATTCARGGTTTTCAATCT
1269 GTAGTGCATTAATGCTGTAATTAACAATGAAGCTGCATTTTCACCGAATCTTTGGACTCTCCATTTTACGACTACTCGGACTGTCAGGATTTCAATTTCC
1368 CTAAACAAACAGTAATAGGTCAACTCAAAATGTTCTTCTCTGCTCAACCCAGTGGCCTTTAGAGTCCARAGCAGCAGAACAAGTGCCCTGGATGGGAGT
1467 CTGACGACCTGGGCAGTAGTCTCAACTG TG TCACACAGGCTGTATGTCTGTCACCTTAAGCAAAGC AATTGTCACAAGGTTTCTCTCATTTGAACTGGA
1566 TGACTTCCGACACTGTTTTAGTTTTGGCACGTCTAATGGTCTCCTCAAGAGGGCCCAAGAGGAC TGTACCAAAGCGACATCC TGTTCTCTCTCATCTTC
1665 CAGGCTGTAGCTTAGGCAATAGATACACAGCATGCCTGCTCTGGGGACGCTCACTTGTACTGCCTARGTGGCCCCCTCTAGGCTTCGCTGGCCTCCARA
1764 CTGCAGAAGGTGCCCTTGCTACCTCCTGCCTCTCAGAGCTGAAGTGAGACCTC ACAGGATARCAGGGAGCCGAGAGACTGTGACTTTTTGTGAATTARA
1863 CCTCAAGTTCAAGAAARACTAATGTTATTGGCTCAGTGTCCTTGCAATTTAARAAGAGCTAATTCTATATCACTGTGTTGGGTAACTGTTTTGTGTGTT
1962 TGCTGACAGAGAGAGATCGGGAGGAAGGGGGAGAAGAAGTTG T TTTTTTTTGGCEGCEGEGCEGAACGCGTCTACTGTTGTAGCTCAGCAGTTGATTGT
2061 TTGCCTAAACTGTGCAGAAAGAGACCCTTTTTCGAGCCGAGCAGTGCACATC TCAGTTC TAGAAGACCAATGCAAGTCGCATTGGAGGACGTGGAGGAAL
2160 GGTCCAGATGGAGCCTTCCCACCCACCACCGCCACTACCACAACCCAARCCACCCAGGAGCAGCAGTGGCCCTAGCTAGGCCTGTCTGTAGCTGTCCTC
2255 CAGGTCTCACAGTTGCCATGSTAACCCAGCCCTCCAGTTCAGCAACATATGGGCAGGGCCTTTGGGCAGAGCAGAAGC TTTGAGTTCGGAGTAGCCACC
2358 TCATCAGCTACTGTCATCTCTCCTCTAAGGGGCATTATAAATCGGAGAAGCAGTCCTGTGTGGGGA (g6) 2488
FIG. 2. Complete nucleotide sequence of the MR6 ¢cDNA and derived polypeptide. The numbers on the right correspond to the amino acids.

Vertical arrows indicate the position of introns. The trinucleotide repeat in the 3-untranslated region is represented in bold. MR3 has two
additional nucleotides at the 5'-end, whereas MR7 begins at position 152. MR5 and MR8 contain 10 or 15 additional ¥-nuclectides, respectively,
that are not present in the genomic sequence and are perhaps artifacts of cDNA cloning. The positions of polyadenylation site in the cDNAs are
MR3, bp 1314; MR7, bp 1872; MR1 and MRS, bp 1875; MR5, bp 1882. Polyadenylation signal sequences are underlined. The sequence has heen

deposited in the GenBank Database under Accession No. L14935.

to localize the Nrl gene to mouse chromosome 14 {Be-
spalova et al., 1993).

Murine Nri Gene

A 1.1-kb EcoRI insert from MR5 ¢cDNA (including the
coding region} was used to screen a mouse cosmid li-
brary. One of the positive clones (Mcos 2C) with a 35-kb
genomic insert was characterized further. The restric-
tion map of the cosmid clone was generated by partial
and complete restriction enzyme digestions and by prob-
ing the Southern blots of digests with T3 and T7 primer
sequences flanking the genomic insert {(Sambrook et al,,
1989). Hybridization of Southern blots to various parts
of Nrl ¢DNA also provided information on the structure
of the gene. Figure 4 shows the restriction map of
Mcos2C and the organization of Nrl gene. Three exons,
including a 5-untranslated exon, constitute the mature
Nrl mRNA. The exon-intron boundaries were obtained
by sequence analysis using appropriate subclones and
oligonucleotide primers (Fig. 5). The sequence at the
exon—intron junctions matched the published consensus
sequences (Mount, 1982). In addition to the GT and AG
nucleotides at the donor and accepter splice sites, the
adjacent sequences followed the consensus pattern. The

complete sequence of the exons and flanking region was
determined and confirmed by comparison to the cDNA
sequence (see Fig. 2).

To delineate the regulatorv and/or promoter ele-
ments, we also obtained the sequence in the 5-upstream
region of the Nrl gene (Fig. 6). Based on primer-exten-
sion analysis using human retinal RNA and comparison
of human and murine sequences {data not shown), we
assigned the transcription initiation site 26 bp upstream
of the first basepair of the cDNA sequence. This site is
identical to the consensus CAP sequence CANYY
(Bucher and Trifonov, 1986). Although a canonical
TATA -element is not present, the binding site se-
quences for a number of IDXNA-binding proteins are ob-
served in the immediate upstream region. These include
a CCAAT box, an octamer motif, an AP2 binding site,
two E box elements (helix-loop-heliz binding proteins),
and sites for AP1 or a related transcription complex
(Mitchell and Tjian, 1989; Blackwell and Weintraub,
1990). This suggests a complex interaction of proteins
for regulating the development and tissue-specific ex-
pression of the Nrl gene.

Expression Analysis

Northern analysis of RNA from varicus human tis-

sues and cell lines demonstrated that the NRL gene is
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HusRrl MAFPPSPLANBYVNDFDLMKFEIKREPSEGRSGVPTASLGSTPYSSVPPSPTES

AAFVMAF MASELAMSGSDLPTSPLAMEYVNDFDLMRFEVEKEPSQCGRLIAGGSLSSTPCSSVPPSPSFS

VETDRIT STPH

HumNrl AT GT GE L E E G PVD H P
MusNrl EPGMVGGGEAPRPGLEELYWLATLOQQLGASDAVGLIPEDAMVLLONQGPVSMECPLGYYSGS
AAFVMAF APS.PGSGTDOKTHLEDY YWMTGY PQQLNP . BALGF SPEDAVEALHGGGGGGGGHPHGAAPGS

INS // HPH
BumNrl E A

MusNrl PGETGAQHVQLPERFSDAALVSMSVRELNRQLRGCGRDEALRLEKQRRERTLKNRGYAQACRSER
AAFVMAF AGGGGGGGLHFDDRFSDECLVTMSMRELNRQLRGYSKEEV IRLKQKRRTLENRGYAQSCRFKR

219

PPS // HHG

BumNrl

s G PS

MusNrl [QORRCLEARRARLAAQLDALRAEVARLARERDLYKARCDRLTSGGPGSDDHTHLFL
AARFVMAF VQORHVLESEKNQLLOQVEHLKQEISRLVRERDAYKEKYEKLVSNGSSSDNPSSPEF. ... ..
N

NGFRE

F1G. 3. Comparison of deduced polypeptide sequences from human and mouse Nrl (MusNrl and HumNrl, respectively) and from v-maf
oncogene (AAFVMAF). Amino acid residues in bold indicate identity. The proline—serine-rich domain in NH,-terminal region and amino acids
in the basic motif and the leucine zipper domain are underlined. Additional residues in v-maf gene product are indicated by insertions below the

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 sections
{(Swaroop et al, 1992). The gene was shown to be con-
served during vertebrate evolution, and expressed in bo-
vine, mouse, and rat retina. To confirm the specificity of
expression, we performed Northern analysis of total
RNA from 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 shown). Furthermore, RNA-PCR analysis us-
ing total RNA from these tissues and retina identified an
amplified Nrl product only in retina (data not shown).

H

Northern analysis of RNA by Dr. Kirk Beisel (Boys
Town National Research Hospital, Omaha, NE) also
showed no expression of Nrl in other mouse tissues, in-
cluding heart, testes, and cochlea (personal comm., April
30, 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 meolecular hierarchy of transcription factors in-
volved in the development of retinal neuronal cells is
currently not understood. Recently, while analyzing

4 kb

52}
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Y
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FIG. 4. Restriction map of Mcos2C cosmid showing the exon-intron structure of the murine Nrl gene. Appropriate scales are indicated.
Exons are represented by shaded areas. Positions of initiation and termination codons are identified. Abbreviations for restriction enzymes are
B, BssHIL; Bx, BstXI; E, EcoRI; H, HindIll; M, Mlul; S, Sall; SI, Sacl; S1I, Sacll; St, Stul; X, Xhol.
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EXON

tctacacettecetetttctigeag |GAACACCTCTCTCTGCTCAGTCCCA. -

ctggteectgeactottectecgeag ICTGCCCGAGAGA TTTCGGACGCCG. . .

ttoettttite t
. n ag‘a

coecaoecQse o©

splice acceptor

FIG. 5. Sequences at the exon-intron boundaries in the murine Nrl gene. Appropriate splice site signals are present. Junction sequences

match with the consensus splice donor and acceptor sequences.

random clones from a subtracted human retina cDNA
library, we identified a gene, named NRL, that shows a
retina-specific pattern of expression (Swaroop et al,
1992), NRL expression was detected in all cellular layers
of neural retina. Analysis of NRL gene product identi-
fied a leucine zipper domain, preceded by a region of
basic amino acids, and revealed a strong homology to the
product of an avian retroviral transforming oncogene,
v-maf {Nishizawa et al., 1989). These results, combined
with the evolutionary conservation of its gene, suggested
that NRL gene product may function as a DNA-binding
protein with a significant role in retinal development.
Since NRIL transcript is specifically detected in retina,
the molecular events regulating its expression may pro-
vide significant insights into the differentiation of reti-
nal neurcns. Genetic manipulation of the mouse embryo
has recently permitted molecular studies on the regula-
tion of neuronal development (Rossant, 1990). There-
fore, to elucidate the regulation 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 the major Nrl transcript in
mouse retina is 2 kb, compared to 1.3 kb in human
{Swaroop et al., 1992). The structural analysis of murine
¢DNAs reveals that the 2-kb transcript is the result of
polyadenylation at a later site, generating a larger 3'-un-
translated region. As in human NRL, this major poly-
adenylation site follows an ATTAAA signal. An AAT-
TAA sequence upstream of the polyadenylation site in
the 1.3-kb MR3 ¢cDNA is probably responsible for ineffi-
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cient polyadenylation (Wickens, 1990). The next avail-
able polyadenylation signal, ATTAAA, is therefore uti-
lized in the murine Nrl gene. The longer 2.5-kb cDNA,
MRS6, may be the result of leakiness of the transcription
termination machinery and utilizes an upstream
TATAAA sequence (Wickens, 1990). Variations in the
lengths of the 3'-untranslated regions may cause differ-
ences in the stability or translation efficiency of Nrl
mRNAs (see Jackson and Standart, 1990). It will be of
interest to determine whether these species are differen-
tially expressed in retinal cells.

The human and murine NRL gene products are of the
same size (237 amino acids) and show a high degree of
conservation. Particularly remarkable is the complete
identity of the putative DINA-binding domain (basic mo-
tif and leucine zipper). The proline-, serine-, and threo-
nine-rich amino-terminal region of the polypeptide also
shows strong homology (51/56 amino acids). This region
is similar to the transcription activation domain present
in jun proteins (Lewin, 1991). It should be noted that the
homology of Nrl gene product to that of v-maf extends
beyond the putative DNA-hinding region and is also ob-
served in the NH,-terminal activation domain. This
suggests functional similarity of Nrl protein to that of
the transforming v-maf oncoprotein.

An intriguing observation from sequence analysis is
the presence of a long AGG-trinucleotide repeat in the
3-untranslated region of the murine Nrl mRNA. A rudi-
mentary part of this repeat is also seen in the human
NRL (GGGAGGTGGAGGAGQG) (Swaroop et al., 1992).
Alterations in the number of trinucleotide repeats in sev-

AGCTTCTCTGGGGAAGATGCCGTTTGTTTTTTTCCTTTTTGGAGAACTCGATAGCACCTGTCTTTC

-134

E-kox

ACTGGCTTCTGAGTCCCTGCCCCAGGCCAATGAGATATGCAAATAAGCCCTTCATCTTATTGGAT

APL! AP2 CAAT

-69

acT

GAGGCTCGAGGACCACAGATGATC TCAGGGAACCAGTCCTTTAAGAGTGTCCTCTGGGCTCTGTG

E-Box APL!

+1 -

TATA!

CCCACAGCCCCCTTGTTC TGAATACAGGGACGACACCAGCCCC TGCTCTATGGAGTATTTAGTCT

FIG. 6. The immediate 5-upstream sequence (putative promoter region} of the murine Nrl gene. The asterisk shows the first basepair of
the cDNA sequence {see Fig. 2). +1 indicates the gite of transcription initiation, based on primer extension results with the human NRL gene
and comparisons between the human and murine sequences {data not shown). Positions of consensus DNA sequence elements recognized by

various transcription factors are appropriately identified.
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eral human genes are associated with inherited diseases,
particularly those involving neuronal dysfunction
{Richards and Sutherland, 1992; Suthers et al., 1992;
Huntington’s Disease Collaborative Research Group,
1993). The sequence polymorphism of AGG repeat, ob-
served In mouse strains, has been used to localize the
murine Nri gene to chromosome 14, in a region homolo-
gous to human chromosome 14 (Bespalova et al., 1993).
The possibility of an unstable Nrl genomic region be-
cause of alterations (particularly expansion) in the trinu-
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 transcript is derived from three exons
that span 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 organization of gene in
mice and humans is almost identical (Jackson and
Swaroop, unpublished data). The first AUG codon that
initiates an open reading frame of 237 amino acids is
detected in the second exon. The first exon, therefore, is
untranslated. A remarkable sequence conservation is
observed between the murine and human 5- and 3'-un-
translated regions. These regions are implicated in fine-
tuning a variety of functions, which include translation
efficiency of mRNA (Grens and SchefHler, 1990), mRNA
degradation (Fen and Daniel, 1991}, and stimulation of
transforming potential (Gishizky et al., 1991).

The presence of binding sites for several transcription
factors in the promoter region suggests that the Nrl gene
is under stringent regulation. The topology, affinity,
concentration, and interaction of various DNA-binding
proteins probably determine the exclusive expression of
the gene in adult neural retina (see Mitchell and Tjian,
1989; Kemler et al., 1991). CCAAT-enhancer binding
protein (C/EBP), octamer binding transcription factors
{OTF's), and AP2 have been implicated in morphogene-
sis and differentiation (Okamoto et al., 1990; Umek et
al., 1991; Mitchell et al, 1991). The presence of two
E-box sequences (CANNTG) for binding to helix-loop-
helix proteins and two potential target sites (TGATC-
TCA and TGAGTCC) for AP1 or related transcription
factors suggest further selective regulation. Interest-
ingly, we can also recognize a sequence element, CC-
(AT);GG, that is reminiscent of the binding site consen-
sus sequence for mammalian serum response factor
(Treisman, 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).
Additional 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 expression in retina.
Studies are in progress to determine its expression dur-
ing embryonic development and during differentiation
of retinal neurons. The isolation and characterization of
¢DNAs and the gene for mouse Nrl, described here, now
allow further investigations of the regulation of its ex-
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pression by transgenic studies. They also form the basis
for understanding the physiological function of NRL
and for developing an experimental model for any in-
herited retinopathy caused by altered function of the
human gene.
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