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ABSTRACT Using subtraction cloning, we bave isolated a 
human eDNA, AS321, wbleb Is expressed In retina IltId retin
oblastoma ctlJ llnes but not In any other tissue or c:cU lint tested. 
AS321 mRNA lsdeleded 111 allceUs ofoew-al ntioa, witb a higb 
kvel of expression in pbolo~ptors. The polypeptide .equenee 
deduced from the cDNA reveals consensus pbosphorylation 
sites for protein kinase A and proUne.directed protein kinase. 
Irs C-termiDal r-eg.Ion contains a basie motif and a leucine 
ripper domain dmIlar to the DNA binding proteins of the jun 
and (os onooproteln (llDilly, Ilnd It sbows It , Irong similarity to 
the product of an avia.n rctroviral ODCoKtne, v-nuif. The gene 
ror AS311 ls conserved durio& evolution and is expreued in 
vertebrate retina. We propose to name the gene NRL (neural 
retina leudne zipper). 

Light initiales a cascade of biochemical events in retina 
where visual information is collected. processed, and then 
transmined by highly specialized and diverse neuronal cell 
types. The development of neural retina is a result of h~y 
coordinated expression of specific genes and their prod-uclS, 
as reflected by the large array of developmental and hered· 
jtary diseases affecting the visual system 0, 2). A number of 
photoreceptor-specific genes encoding components of the 
phototransduclion cascade have recently been isolated , and 
some of the early steps in the chain of biochemical evenls 
tJiggered in response 10 light are becoming clear (3-9). 
However, Ihe molecular nalure of neuronal differentiation 
and ofinform8tion processing by distinct retinal cell types is 
not undenrood. 

Differentiat ion of a ceUular phenotype is oOen a result of 
positive and ne~ative control mechanisms influencing the 
panern of Kene expression in a stage- and ceU type-specific 
manner (10). In higher eukaryotes, a m~or regulatory func
tion during ceU proliferation and differentiation is exerted by 
the sequence-specific DNA binding proteins (11-13). Inter· 
action of specific regulalory proleins with olher components 
of the transcription initiation complex. determines the pattern 
of gene expression. jun and [os define a family of "early 
response" genes that are expressed in a number of tissues/ 
celllypes and respond to stimuli by altering the programs of 
cell growth and differentiation (14-16). The members ofth.is 
family encode nuclear transcription factors thai possess a 
leucine zipper domain preceded by a basic region and can 
form heterodiO'leric complexes with each other. We report 
here the identification of a human cDNA, AS321, which is 
expressed specifically in neural retina and encode, a poly
peptide oflhejun/fos oncoprolein family.' The evolutionary 
conservation of the gene for AS321 sugsests a significant 

Function for its product in retinal development and/or signal 
transduction. 

MATERIALS AND METHODS 

MlllteriaJs, Human tissues were oblained from Narional 
Disease Research Interch a nge, Philadelphia. Genomic 
DNAs for Zoo blot analysiS (Southern analysis of ONA from 
various organisms) and in vitIa translation kits were pur
chased from Promega. HeLa nuclear eXlract and the oligo
nucleotides used fOf DNA binding studies were part of a gel 
shift assay kit (Stratagene). A Northem blot of RNA from 
cancer cell lines was kindly provided by Lone Anderson 
(University of Michigan, Ann Arbor). The mouse c%~~s and 
c-jun cDNAs in 1'7 promoter-coOlaining vectors and anlisera 
agajnst their products were from Inder Venna's laboratory 
(Salk Institute, San Diego). 

Methods. The methods for preparation and analysis of 
nucleic acids , construction of cDNA libraries, in "itro trans
lal ion, and in sit" hybridiz.ation to lissue sections have been 
described (17. 18). Poly(A) + RNA from a few tissues/uU 
lines was isolated by using 8 FastTrack kJI (In Vitroaen. San 
Diego). DNA and protein sequence analyses were performed 
with MacVeClor (fBI). A similarity search was done against 
the GenBank data base (version 65). Protein association and 
gel shift analyses were performed according to published 
methods (19). 

RESULTS 
lsoIatioo. aod EIpresstoa of AS321 eDNA. To identify the 

genes involved in retinal function, we constructed a c DNA 
library from human adult retlna and enriched it for specific 
genes by an efficient biotin-based subtraction procedure (20). 
Nonhern analysis with AS321, a randomly picked clone from 
the subtracted retina library, showed a major 1.3-kilobase 
(kb) and two minor 2.0- and 4-kb transcripts only in retinal 
RNA from various developmental stages and in retinoblas
toma cell lines (Fig. 1). The transcripts were not detected in 
any other huma!) tissue or ccU line tested. To localize the 
maNA in specific cell layers of retina, in situ hybridiUlion 
was performed with sections of adult baboon retina, AS321 
mRNA was present in all cells of neural retina. includin~ the 
outer (photoreceptor cells) and inner nuclear layers (bipolar, 
horizontal, and amacrine cells) of retina (Fig. 2). The ganglion 
ceUs also showed a signal above: background . Similar results 
were obtained with mouse relina sections (unpublished data) . 

AnaJysis 0( eDNA Sequence aDd De1Juttd Polypeptide. To 
obtain fuU-length cDNA clones and to identify the nature of 
larger transcripts, 11 additional clones were isolated from a 
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Fla. 1. Expreu ion of AS)11 mRNA. Nor1hem blols of total (1- 10 ~8 ; lanes 1-1<4, 26, and 27) or poly(A)· RNA (2-) ~II ; lanes 1S-23. 25. 
28, and 29; <11'-8. lane 24) were hybridized with llP·la.beled AS311 eDNA (A) (base pairs 24-989; see Fig . 3) or ,B-actin (8) and washed under 
higb stringeney. All RNAs wen:: from human tissues or cell lines except for those in lanes 26 and 27. Lanes: 1 and 20. fetus + placenta (9 wk.); 
2. brain (75 yr) , ). kidney (2 ruo); 4, liver (2 day); 5, thymus (21 yr) ; 61lJ1d 23. lY lymphoblasLOid cell line ; 7. lung (newbom); 8. fetal eye + 
brain (lO.S wk); 9. retinal pigmenl epithelium cdlline; ]0-13 and 2", reliM (14 mo. IS yr. 30 yr. 61 yr. 16 yr) ; 14 and 21. fetal thymus (26 wk) ; 
15, HeLa cell line; 16. NTel1l 2/ Dlleratocan:inoma ccliline ; 17 1l11d )8, few brain (23 and II wk.); 19. few eye (II wk); 11. muscle (newborn); 
lS, primary retinal pigmenl epithelial cells; 26, retal baboon retina (l4() days); 27, adull baboon retina; 28 and 29, Y19 and WERt retinoblastoma 
ceU lines (from American Type Culture Collection). Additional Northern blot analysis of RNA from Ihe follOwing did nOI show any sp: adult 
human tissue_bladder. hean, kidney . liver . lung, neuroblastoma tumor, skeletal muscle, skin, $pleen, and testis; human celilines--HTI9 colon 
cancer, TO c~tic fibrosis trachea, CfPAC c)'stic fibrosis pancrutie cancer, He! erythroleukemia. HepG2 liver cancer. and four melanoma 
lin". 

retina library with AS321 as probe. These clones were 
chatilcterized by restriction mapping and sequence analysis . 
As expected , ffiOlit cDNAs were for the major l.]-kb lran
script. However, OD6, a eDNA clone of2 kb, contained an 
extended 3' unrnmslated sequence. A purified fragment from 
this region recognized only the larger transcripts by Northern 
biOI analysis (data not shown), sugguting that these were 
generated by alternate polyadenylylation . Fig. 3 sbows the 
structure or some of the representati ve cDNA ctones and the 
sequence for U"le l.3-kb eDNA species. The nucleotide se
quence reveals a 237-amino-acid-long open reading frame 
(ORF), preceded by a small ORF in another frame. It is of 
interest to note tha! one of me cON As (DOlO) has an in-frame 
deletion of lOS amino acids. An imperfect polyadenylylation 
signal, ATIAAA, is present upstream of the poly(A) in the 
3' ·untranslated region of baU"l the m~or 1.3-kb and the IBrler 
DD6cDNA. Translation in rabbit reticuJocyte lysate ofan in 
vilro synthesized AS321 sense RNA identifies a product of 
...30 kOa, slightly higher than predicted (26 ltOa) for the 
putative polypeptide (data not shown). 

The polypeptide sequence derived from AS321 cDNA 
conlains (wo consensus phosphorylation sites for protein 
kinase A and five for proline-directed protein kinase (21, 22) 
in the N-terminal region (Fig. 4A). A periodic repeat of 
leucine residues preceded by a basic DNA binding motif. 
wicb strong sequence similarity to the proteins oftJie jun/ fos 
family (23-lS>, can be identified in the C-terminai region (Fig. 
48). The positions of an alanine spacer and a helix-breaking 
asparagine within the basic motif are also conserved. Inter
estingly, a hapted arran&ement offive IU"'ginine residues in the 
basic motifo\'eriaps with the leucine zipper. The degree and 
extent of similarity extends beyond the putative ON A binding 
domain upon comparison with this region of the transfonning 
oncogene v-mtiffrom chicken retrovirus AS42 (26). A region 
of r;] amino acid residues, iDcluding the basic motif and 
leucine zipper, of the putative AS321 polypeptide shows 7:5% 
similarity to the v-mtifoncoaene product (74/91 residues with 
conservative substitutions) (Fig. 4C). 

Protein Association and DNA Bindina Studies. To ascertain 
whether the AS321 polypeptide fonns heterodimen with 
c-jun or c -Ios gene products , US-labeled in vitro tnnslated 
proteins were incubated alone or in pairwlse combination. 
Proteins were imrnunoprecipitated wiU"l jun or fos antisera 
and analyzed by SDS/PAGE. When jun and fos products 
were mixed together, eitller antibody precipitated a ros-jun 
complex. but the antibodies were unable to coprecipitate the 
AS321 gene product from the incubation mixture (data not 
shown). Preliminary glutaraldehyde-crosslinking experi
ments (19) with in vitro translated AS321 polypeptide suggest 
the formation or a homomultimer (data not shown). How
ever, U"lese resuJts need further confirmation with purified 
AS321 protein and its specific antisera. 

Gel shift assays were performed to determine whether the 
AS321 gene product bound to the sequence elements recog
niud by other DNA binding proteins. End-labeled oligonu
cleot ides containing SFl, API/TRE, An, AP3 , and NFI/ 
CTP sequence elements were incubated with the in vitro 
translated AS321 protein either alone or in combination with 
jun or fos products for 1 hr. The results (not shown) dem
onstrate that the ASJ21 gene product does not bind to any of 
the sequence elements. The jun product either alone or 
together with fos showed a band shift with the API/TRE 
oligonucleotide. 

R,-OIulionary Consenatioo or the AS321 Geoe and Its 
Expression In Vertebrate Rdina. Southern blot analysis of 
genomic DNA from several vertebrates, yeast, and Dro
sophila under low-stringency conditions shows thai the gene 
for AS321 is conserved during ~volution (Fig. 5) . A Signal in 
the Drosophila lane is observed with the mouse homolog of 
AS321 eDNA as probe (data not shown) . Hybridizations wilh 
various fragments of AS321 cDNA reveal that conservation 
is limited to the coding relion but not to any particular 
domain . 

The AS321 probe detects homologous ITaIlscripts in the 
retina of baboon. bovine, mouse, ral, and frog (Fi.g. 6). The 
sizes of mRNAs in baboon retina closely match those in 
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fiG . 2. III :fiw hybridizat ion 10 RN" in adul1 baboon retina. 
lJS·labcled scnse or antillCnse RNA probe for ASJ21 e DNA wu 
generaLed if! yilrO by lIsin~ 1i or T3 RNA polymerase , (csP«'tiveiy. 
Sense (I'I) and antisense: (8) probes. OS and IS, outer and inner 
seiDlents of photorecepIQn;; ONL, outer nuclear layer; OPL, outer 
plexiform layer ; INL, inner oudea!" layer; IPL , inner plexiform layer. 
SmaIJ arrowheads indicate ganalion cells. lJu"ge arrows show spe
cific hybridization . 

human, with 1.3 kb being the major species. However, in 
bovine . moose, and ral , the major lJaJIscript is 2.0 kb. 
AdditionaJlTaMcnplS are observed in bovine and rat retinal 
RNA. Paint signals at about 2 and 4 kb lire detected in the frog 
RNA. The RNA and eDNA clones from goldfish retina also 
show weak hybridization with AS321 eDNA , suggesting a 
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FIG. ) . (A) Stro<;lure of eDNA cloocs. Open and hatched bIll'S 
show untra.nslatcd !lnd codina regions, respectively. 321Bl is the 
fuU-l ength clone for the original AS321 cDNA. DD6 and 0010 are 
varianl clones. B, Bs/Xl; E_ feoRl; H, HindJIl; R, Rsa I; S, SIU I: 
X, Kilo l. (E) and (H) are cloning sites for eDNA.!!. bp, Base pain. 
(8) Composite cONA sequence . The complete sequence or AS121 
cDNA was obtained in both directions by thc didcoxynucleolide 
chain-termination method. 321Bl extended the sequence of AS321 
by 2J and 24 base pairs at thc j' atld 3' ends, respectively . The single 
leUer code is used for amino acids. 

greater sequence divergence between mammals and lower 
vertebrates (S. Boucher, P. Hitchcock and A.S., unpublished 
data). 

DISCUSSION 

Subtraction cDNA cloning is a powerful technique for iso
lation of tissue-specific genes. We have used an efficient 
biotin-based method to enrich a human ret.ina library for 
specific eDNA clones (20). This paper re ports a gene that is 
specifically expressed in all the neuronal cell layers of retina. 
However. expression is strongest in the photoreceptor cells. 
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PIG. 4. Analysis of AS321 polypeptide. (A,) Two consensus plKlsplKlryl:uion sites (or prolein kiGase A IK/ RK/RX (}{)Sm and five for 
prolint-diteetecl protein kinase (X SffP X), and Ihe leucines (L) in the zipper are indicate<! in boklface type:. BlllIit motif and leudne zipper 
domains are based on similaril), with juo/fos Ontoproteins. I is a region rich in prolinc , serine, and lhreonillt residues (P, 9/30; S +T, 10/30). 
el\r and II represent v·mq/ CJltended IlOmology TePan and proline-ricl1 domain himi1ar to Al injuQ proleins), respttlively. The region between 
1 and II has a. number of glutamine and glulamic acid residues (Q+ E, 12/-47). (8) Similarity or AS321 polypeptide with prOleins of the jun/fos 
family . (C) Similarity between products of AS321 and v-nuifoncogene {AAFVMAF}. 

A unique property shared between the photoreceptor and orthe gene for AS321 is turned on, it remains on as shown by 
bipolar neurons of neural retina is that the cGMP-mediated Northem blot analysis of RNA from human retina at various 
signal transduction palhway is turned off in response to the stages. 
external stimulus-i.e .. light for photorecc:ptors and gluta The basic motif and leucine zipper domains ill the AS321 
mate for bipolar cells (27, 28). Ie will be of ioterest to see if polypeptide have stronger similarity to the proteins of the 
the AS321 iene product has a function in signal transduction. jun/fos family than to other leucine ripper proteins. Of 

The mRNA for AS321 is not detected in human fetal eye at 	 unusual significance, however, is its homology to the v-rna! 
oncogene product. v-rna/is a transforming oncogene of the11 weeks but it is expressed in 140-day baboon fetal retina 
AS42 retrovirus, which causes musculoaponeurotic fibrosar(equivalent to - 7 months in human &estation). At this stage 
coma in chickens . Molecular analysis of the human AS321in baboon reti na , only a weak Signal is observed for rhodopsin 
gene shows that an inlron interrupts the coding region justmRNA (data not shown). Interestingly. once the expression 
upstream oflhe v-ma/homologous domain, which is encoded 
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Flc. 5. Zoo blot analysis. Genomic DNA (10 ~g) from various 

Orpni50tS was diaesled with HllldIII for Southern blot analysis. A 

by a single exon (AJ. and A.S. , unpublished data). Compar
ison oftne Southern blot analysis of human DNA with AS321 
and v-mqf does not reveal any common bands. The v-rna! 
oncogene and its ceUular homolog (c-maj) probably share 
only the exon encoding the DNA binding/leuc ine zip~r 
domain with the AS321 gene. Because of neural relina
specific expression and identification of a leucine zipper in 
the encoded polypephde. we propose to name the gene (or 
AS321 NRL. 

The role of the basic motif in binding to DNA and of the 
leucine zipper in formation of homo- and heterodimers is weU 

, 


28.

18.· 

Hlndln rrapneDI of AS311 eDNA (base pairs 24-989) WIlS used a.s 
probe. The eon<liLions for hybridiz.a(ioll and washing 0( Southern PIC. 6. Expression i.D vertebrale retina. A Nortilem blot of IntaJ 
blots are '" dcscnbed (11). excel" thai 40% formamide was used. A retinal. RNA (10-2:0 ~g) wu probed with AS321 cDNA (b~ pairs 
l·kb ladder (BRL) is shown on the left. Lanes: I . human: 2, bovine; 24-989) under rugh stringency ( SO'Yo fonnamide; ref. 11). Positions of 
3, dog; 4. piS; S, cal; 6. ral; 7. moUS(:; 8. chicken; 9, Socclwromyus 2!S and ISS RNA are iu4ieated. Lanes: I , babooo; 2. bovine; 1. 
ct!Tev;suu; 10, Drosophila mdOttogosfer. mouse; -4. nu: S. fro, (Ro.. o bulal1dieril. 
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established (2], 24. 29, 30). Dimerization within the family or 
with other leucine z.ipper proteins is -considered to mediate 
DN A binding specificity (31). Functional analysis of jun has 
also defined a proline·rich activation domain upstream of the 
DNA binding region (32). The position of these domains in 
the putative NRL polypeptide is similar to those of the jun 
oncoproleins. However, i" vitro protein association studies 
show that the NRL protein does not form heterodimers with 
lhejosarjun gene products, but il may form homomu1lUners. 
The identification of 0010 eDNA encoding a protein with a 
deletion in the putative activation domain is analogous to the 
tnJncated form of FosB that negatively regulates the effects 
offos proteins (33). A mutantjun protein lacking the activa
tion domain has been shown to suppress the ltansfOnnalion 
activity ofsevcral oncoproleins (34). Because of the presence 
ora leucine zipper ,the truncated DD10 product may dimerize 
with the normal NRL polypeptide and influence its biological 
function . Additional studies are needed to delineate the DNA 
sequence element recognized by the NRL gene product and 
le identify illl counterpart, if any, for heterodimer formation . 
The presence of consensus phosphorylation sites sugges ts 
that the fuoetion of the NRL protein may be regulated by 
phosphorylation. 

Recent studies have implicated c%~~s and related genes in 
regulation of the circadian clock in response to light signals 
(35, 36). It will be of interest 10 see if the eXpression of NRL 
is affected by the light/dark cycle . The conservation of the 
NRL acne and its expression in retina s uggest its involvement 
in visual function. Howe ....e r , its presence in yeast raises 
interesting possibili ties. It appears Ihat the response to nega
tive growth factors in yeas t (a-faeler) and neurons (nerve 
growth factor) leading to cell cycle arrest and differentiation is 
meruated by common molecular pathways (37). The pattern of 
NRL gene expre~ion durin&; neuronal differentialion in retinal 
development and its response to extemal factors should pro
vide insights into unusual signal transducing mechanisms. 

We are intrigued by high levels of NRL gene expression in 
mature neuraJ retina , a nonprotiferating tissue. Present !.Iud
ies do not pennit us to attribute a specific functiOn to its 
product. Recent evidence from several experimental systems 
supports the "active" and continuous regulation of differen
tiation during development (10). Whether NRL encodes a 
cell-type-specific DNA binding protein that aels as a tran
scriptional regulator of the differentiated neural retinal phe
notype and whether its continuous presence is required 10 
maintain retinal function remai n to be established . 
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