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Induction of Lens Differentiation by Activation 
of a bZlP Transcription Factor, L-Maf 

Hajime Ogino and Kunio Yasuda* 

After the vertebrate lens is induced from head ectoderm, lens-specific genes are ex- 
pressed. Transcriptional regulation of the lens-specific dl-crystallin gene is controlled 
by an enhancer element, aCE2. A gene encoding an aCE2-binding protein, L-maf 
(lens-specific maf), was isolated. L-maf expression is initiated in the lens placode and 
is restricted to lens cells. The gene product L-Maf regulates the expression of multiple 
genes expressed in the lens, and ectopic expression of this transcription factor converts 
chick embryonic ectodermal cells and cultured cells into lens fibers. Thus, vertebrate lens 
induction and differentiation can be triggered by the activation of L-Maf. 

During development, the vertebrate lens is 
induced upon contact between the pre- 
sumptive retina and head ectoderm (I) .  
Differentiation of the ectoderm into lens 
cells is accompanied by the specific up- 
regulation of crystallin gene transcription 
(2). We previously identified a lens-specific 
enhancer element, termed aCE2, in the 
chicken aA-crystallin promoter (3,4).  The 
aCE2 sequence, located 100 base pairs up- 
stream ofthe transcription start site, repre- 
sents a lens-specific enhancer element that 
is conserved in the regulatory regions of 
many crystallin genes (5). The integrity of 
this aCE2 sequence to direct lens-specific 
transcription has been demonstrated in 
both cell culture and transgenic mouse 
experiments. 

To  identify a factor or factors that bind 
to the aCE2 seauence and are ex~ressed 
during the formation of the lens, we 
screened an expression library prepared 
from chick embryonic lens with oligonucle- 
otide probes encoding the aCE2 sequence 
(6). Positive cDNA clones were classified 
by their patterns of tissue distribution. 
Northern (RNA) blot analysis of 8-day-old 
chick embryonic tissues revealed a 3.6-kb 
mRNA that was expressed almost exclu- 
sively in the lens, with very weak expression 
in the brain (Fig. 1A). The spatial and 
temporal patterns of expression were exam- 
ined by whole-mount in situ hybridization 
analyses (7). The transcripts were first de- 
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tected in the lens placode at stage 11, when 
the head ectoderm makes contact with the 
optic vesicle (Fig. 1B). The expression re- 
mains restricted to the invaginating lens 
placode (stage 13, Fig. 1, C and D), and 
subsequently to the developing lens vesicle 
(stage 15, Fig. 1, E and F), where localized 
transcription of the aA-crystallin gene later 
occurs (stage 18, Fig. 1G). Early expression 
of this factor in the lens placode preceded 
the induction of the 81-crystallin gene, one 
of the earliest lens markers. 

Full-length cDNA was obtained and the 
sequence was determined. A single open 
reading frame encoding 286 amino acids 
predicted . a putative transcription factor 
with a bZIP motif and additional sequences 
characteristic of the maf proto-oncogene 
family (Fig. 2A). Thus, we named this pro- 
tein L-Maf (lens-specific Maf). The gene 
product, which represents a previously un- 
described member of the family, can be 
classified with the large Maf subfamily in- 
cluding MafB, c-Maf, and NRL (Fig. 2B) 
rather than with the small Mafs such as 
MafK, MafF, and M a s  (8). L-Maf most 
closely resembles MafBIKreisler, which has 
been shown to be involved in segmentation 
of the hindbrain (9). Members of the large 
Maf family are expressed in the lens of the 
rat, mouse, chick, Xenopus, and zebrafish 
(10). Interestingly, mafB and c-maf or L- 
maf are detected in the lens epithelial and 
fiber cells, respectively, of the rat and 
Xenopus. 

We next tested the ability of L-Maf to 
control transcription in transfection assays 
that used chicken primary culture cells and a 
reporter construct encoding the chick aA- 
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crystallin promoter (-244 to +89) linked to 
a luciferase gene (Fig. 3A). Cotransfection of 
an L-Maf expression plasmid (pEFX-L-Maf ) 
and the reporter into chick embryonic lens 
cell cultures (4, 11) resulted in luciferase 
activity 10 times that caused by transfection 
with a control plasmid (pEFX) (12). Re- 
placement of the aCE2 sequence, located in 
the promoter region between base pairs 
- 119 and -99. with a Barn HI linker abol- 
ished this response, indicating that L-Maf 
activation occurs through the aCE2 se- " 
quence. Efficient transactivation of the aA-  
crystallin promoter by L-Maf was also ob- 
served in chick neural retina cell cultures. In 
addition, activation was observed when L- 
Maf was overexpressed in lung cultures; oth- 
erwise, activity of the aA-crystallin promot- 

Fig. 1. Restricted expression of L-maf mRNA in 
the lens. (A) Northern blot analysis of mRNAsfrom 
8-day-old chick embryonic tissues, including lens, 
neural retina, brain, lung, and heart tissues. In 
each lane, 10 kg of total RNA was blotted and 
hybridized with a randomly primed probe for L- 
maf (3.6 kb) or p-actin cDNAs. (B to G) Expression 
of L-maf during chick lens development. L-maf 
expression was analyzed by whole mount in situ 
hybridization from stages 11 to 18. Frontal views 
of embryos hybridized with antisense L-maf 
probes are shown for stages 11 (B), 13 (C), and 15 
(E); coronal sections through the lens placodes 
are shown for stages 13 (D) and 15 (F). A lateral 
view of embryos at stage 18 (G) shows expression 
of L-maf and a A-crystallin. 
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er is extremely low. Thus, L-Maf acts as a T o  analyze the binding specificity of L -  (MBP) and tested them in gel mobility shift 
principal factor controlling transcriptional Maf, we prepared purified recombinant pro- DNA binding assays (1 3) against regulatory 
switching of the aA-crystallin promoter. teins fused to maltose-binding protein elements conserved in avian and mamma- 

m tso m m z m  
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111 196 251 289 311 

MafB 

117 2 U  209 337 369 

C-Maf 1 63% H G G G m 7 4 % 1  I 

99 129 1 M  222237 

NRL I so% ' . 47% 

1 6 5  Fig. 2. Amino acid sequence comparison of L-Maf and other large Mafs. (A) 
Alignment of L-Maf with chick MafB, chickc-Maf, and human NRL. Identical amino 

lZ5 acids are boxed. Gaps to allow optimal alignment are represented by dashes. 
L-Maf ---------- - - -  - -  , Hydrophobic amino acid resldues of the heptad repeat (leucine zipper structure) 
MafB TPsTsssss. @TSHQQHP sirs: - - -F. ~LL~;S\. ; j & & ~ ,  2 2 0  are indicated by asterisks. Abbreviations for the amino acid residues are as follows: c-Maf ---GGGGGGG C 4 - - - - - - -  - - - -F : -F. >L. ' . : 2 5 8  
NRL ---------- . 'I------- ---- .FI- . - Lv ,,.;!? -.I,.:z, :,p 153 A, Ala; C, Cys: D, Asp: E, Glu: F. Phe: G. Gly: H. His: I, Ile: K, Lys; L, Leu: M, Met: 

L-Maf REEVIRLR RTLKXRGY SCSYK9VQ PT 771E51< 1 4 3  
N, Asn: P. Pro; Q, Gln: R. Arg: S. Ser; T, Thr; V, Val: W, Trp: and Y, Tyr. (B) 
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* regions, respect~vely. Numbers in each domain indicate percent identity to L-Maf. 
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Fig. 3. L-Maf binds and trans- 
activates through lens-specif- 
ic enhancer elements of crys- 
tallin genes. (A) Comparison 
of transactivation by L-Maf 
from an aA-crystallin promot- 
er in different tissues. Plasmid 
pa A-Luc contains the chick 
aA-crystallin promoter (base 
pairs -244 to +89) upstream 
of the luciferase gene; plasmid 
pmt-aA-Luc was constructed 
from paA-Luc by replacing 
the region containing the 
aCE2 core seauence (base 

Relative Lucnemse Act~v~ty 
pU4-Luc 0 2 4 6 8 1 0 1 2  

Lens 
+ 

Retina 

pairs - 126 to -96) with an Lprobe ",,*A c B( c(,l m<,* 6 
&base pair Bam HI linker. 

L-Mai . - + - - + - + - - + - - + . ?+ * 
pd-Luc and pmt-d-Luc I x 

were transfected with pEFX or I I 
pEFX-L-Maf into lens, retina, 
or lung cultures. Luciferase 

Y m m  

activities are shown relative to 
activities of tkLuc in each cul- 
ture (assigned as 10); tkLuc is 
the luciferase reporter plasmid 
carrying the HSV tk promoter 
(base pairs -197 to +56). (B) 

quences of crystallin genes L 1 Alignment of enhancer se- ;%* 

and the consensus binding sequence of the proto-oncogene maf (v-maf) 
(T-MARE, TPA-responsive type Maf recognition element). The nucleotides that 
have been shown by mutational analyses to be essential for enhancer activity 
are underlined, and those that match the T-MARE consensus are shaded. 
Arrows indicate a palindrome sequence in T-MARE. (C) Gel retardation exper- 
iments using a bacterially expressed fusion protein of maltose-binding protein 
and L-Maf (MBP-L-Maf). Radiolabeled oligonucleotides containing the 
sequences marked by asterisks in (B) were incubated with MBP (-) or 

- 
Gene Location - 
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MBP-L-Maf (+) and electrophoretically separated. C represents the position of 
the DNA-protein complex. For abbreviations for probes and their complete 
nucleotide sequences, see (73). (D) Luciferase activity assay. Lens cultures 
were transfected with reporter plasmids carrying enhancer elements of crys- 
tallin genes and pEFX or pEFX-L-Maf. In the reporter plasmids, six copies of 
oligonucleotides that were used as the probe in gel retardation assays (B) were 
inserted upstream of a chick p-actin basal promoter (base pairs -55 to +53) 
linked to a luciferase reporter gene. 
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lian crystallin genes (Fig. 3B). MBP-L-Maf 
bound specifically to aCE2 and other crys- 
tallin sequences tested (Fig. 3C). Substitu- 
tion of three nucleotides in the aCE2 se- 
quence (mt-caA) resulted in complete loss 
of binding. L-Maf was also expressed in lens 
cells along with luciferase reporter plasmids 
containing six copies of each crystallin ele- 
ment in front of a heterologous p-actin 
basal promoter (Fig. 3D). Regardless of the 
crystallin element, overexpression of L-Maf 
resulted in efficient transcriptional activa- 
tion by a factor of up to 200. In contrast, no 
transcriptional stimulation was observed. 
through the reporters without any crystallin 
element or with the mutant aCE2 element, 
mt-cciA. 

Next. we tested whether L-Maf could 
initiate ;he genetic cascade toward lens cell 
differentiation. DEFX-L-Maf was intro- 
duced into neural retina cell cultures pre- 
pared from 8-day-old chick embryos by 
transient transfection. Cultures were dou- 
ble-stained with L-Maf and aA- or 81- 
crystallin antiserum (14). We were able to 
visualize L-Maf-positive cells, and these 
cells were also found to be positive for aA-  

and 81-crystallin antisera (Fig. 4A). Mor- 
phologically, these crystallin-positive cells 
also exhibited the large, elongated shape 
characteristic of terminally differentiated 
lens fiber cells. When the retina cells were 
transfected with a control expression vector 
encoding P-galactosidase (P-gal), no  cells 
were stained with L-Maf antiserum or 
crvstallin monoclonal antibodies (mAbs) 
even among P-gal-positive cells, indicat- 
ing the absence of lens differentiation. 
Lens differentiation was also induced in 
other primary cultures, including the ret- 
inal pigmented epithelium, forebrain, and 
midbrain cells (15). We then transfected 
eukaryotic expression vectors encoding L- 
Maf (pCAGGS-L-Maf) and a green fluo- 
rescent protein (pCAGGS-GFP) into chick 
embryonic head ectoderms at stage 9 by in 
ovo electro~oration (1 6) to examine wheth- . , 

er ectopic expression of L-Maf can induce 
lens differentiation in chick embryos. 
Whole-mount immunostaining with 81- 
crystallin antiserum showed that Sl-crystal- 
lin-positive cells were clearly detected in 
ectodermal cells (Fig. 4B). In a control em- 
bryo, no crystallin-positive cells were detect- 

GFP 

I 

'---"% '?m 
el&,&& 

ed (Fig. 4B). Thus, consistent with the abil- 
ity of L-Maf to convert retinal cells into lens 
cells in vitro, L-Maf expression is capable of 
ectopically inducing crystallin genes in ovo. 

To  confirm quantitatively the ability of 
L-Maf to initiate lens cell differentiation, 
we used an L-Maf-expressing retrovirus 
(RCAS-L-maf) to infect retina cultures 
(17). The expression patterns of aA-crys- 
tallin and two additional terminally differ- 
entiated lens fiber-specific markers, PB1- 
crystallin and filensin, were examined. 
Many aA-, PB1-, and 81-crystallin-posi- 
tive colonies were present in cultures 5 
days after infection with RCAS-L-maf, 
but not in those infected with a RCAS 
control virus (Fig. 4C). The reverse tran- 
scription-polymerase chain reaction (RT- 
PCR) (18) was used to confirm the pres- 
ence of specific transcripts for these crys- 
tallins and filensin (Fig. 4D). Thus, L-Maf 
is able to induce the transcrivtion of lens 
marker genes and promote differentiation 
into lens fiber. 

L-Maf can induce lens differentiation 
through direct binding to lens-specific 
genes. Transcription factors such as Pax-6 
(1 9-21 ), Sox-112 (22), RARIRXR (23), Six3 
(24), Rx (25), and Lhx2 (26) regulate the 
expression of crystallin genes through direct 
binding to their target sites or are involved 
in eye formation. In particular, homozygous 
mutations in the Pax-6 gene result in a 

L. 

complete absence of eyes and nose (19,27), 
whereas ec to~ ic  exvression in Drosobhih in- 
duces supernumerary eyes (20). Ectopic ex- 
pression of the murine homeobox gene Six3 
induces lens formation in the area of the 
otic vesicle in fish embryos (24). However, 
none of these genes are expressed as strictly 
as L-Maf in the developing lens. Most tis- 
sue-specific genes are known to be regulated 
by a combination of transcription factors 
that have overlapping yet distinct expres- 
sion patterns. Indeed, in situ analyses show 
that the exvression Datterns of Pax-6. Sox- 
112, and ~ i k 3  overlap in the eye primordi- 
um, the optic vesicle, and the lens placode, 
suggesting that they might be involved in 
the control of L-maf expression. Judging 
from the time of onset and lens specificity 
of L-maf expression and its ability to induce 
lens differentiation, L-Maf appears to be a 
prime candidate for a direct target of induc- 
tive signals from the optic vesicle. 

REFERENCES AND NOTES 

1. H. Spemann, Verh. Anat. Ges. 15, 61 (1901); R. M. 
Grainger, Trends Genet 8,349 (1992): A. G. Jacob- 
son, Science 152, 25 (1 966). 

2. T. Shinohara and J. Piatigorsky, Proc. Natl. Acad. 
Sci. U.S.A. 73,2808 (1 976): J. Piatigorsky, Differen- 
tiation 19, 134 (1 981); K. Yasuda and T. S. Okada, 
Oxford Suweys on Eukaryotic Genes, N. Maclean, 
Ed. (Oxford Univ. Press, Oxford, 1986), vol. 3, pp. 
183-209. 

www.sciencemag.org SCIENCE VOL. 280 3 APR 



3. I. Matsuo M. K~tamura, K. Okazak~, K. Yasuda De- 
velopment 11 3, 539 (1 991). 

4 I. Matsuo and K. Yasuda, Nucleic Acids Res. 20 
3701 (1 992). 

5. S. Hayashi, K. Goto, T S Okada. H. Kondoh, Genes 
Dev 1,  81 8 (1 987); I .  Nakamura et a / . ,  Mol Cell 
Biol. 10, 3700 (1990): D. R. Gor~ng, D. M. Bryce 
L C. Tsui M. L. Breitman, Q.  Liu Dev Dyn. 196,143 
(1993). M. K. Duncan, X. Li H. Ogino, K. Yasuda J. 
P~atgorsky, Mech. Dev. 57, 79 (1 996). 

6. Screenng was performed essentaly as described 
[C R. Vinson K, L. LaMarco P. F Johnson, W. H. 
Landscliulz S. L. McKnight, Genes Dev. 2, 801 
(1988)l. A cDNA expression library (Xgtl I) was pre- 
pared from primary cultures of ens tssues Isolated 
from 8-day-old chck embryos The enhancer of the 
chick aA-crystan gene (base pairs 1 1 9  to 9 9 )  
was tandemy gated and labeled for use as a probe. 

7. An L-maf antisense probe was generated from a 
construct containng 0.8 kb of the 5' noncoding and 
the 0.6-kb codng sequence of t s  cDNA in Ireverse 
orientaton to a I 7  promoter. An aA-crystaln anti- 
sense probe correspondng to the 0.6-kb Pst I frag- 
ment of t s  cDNA was also prepared n the same way. 
Whole mount in s~tu  hybridzation usng digoxgenn- 
labeled riboprobes was performed as descr~bed 
[D G. Wk~nson,  n Essential Developmental Biology: 
A Practical Approach, C D. Stern and P. W H. 
Holland, Eds, (RL  Press Oxford, 1993), pp. 257- 
2741. Embryos were embedded n Tissue-TEK com- 
pound (Mes) and sectioned at 10 pm.  

8. M. N~shizawa, K. Kataoka, N. Goto K. I .  Fuj~wara, S. 
Kawa~, Proc. Natl. Acad. Sci. U.S.A. 86 771 1 (1989); 
A Swaroop et a / ,  lbld. 89, 266 (1992); N. C. An- 
d r e w ~  et al ibio'. 90, 1 1488 (1 993). K. T. Fujlwara, K. 
Kataoka, M, N~shlzawa, Oncogene 8 2371 (19931, 
K. Kataoka. K. I .  Fuiwara. M. Noda. M. Nshzawa. 
Mol. Cell. 6/01 14, 7 i 81  (1 994) 

9. S. P. Cordes and G. S. Barsh, Cell 79 1025 (1994); 
M Manzanares et a/. ,  Nature 387, 191 (1 997) 

10. M. Saka e t a l ,  Oncogene 14 (1 997); K Yoshda et 
a/. ,  Invest. Ophthalmol. Visual Sci. 38, 2679 (1997). 
S shbash~,  S. Kawauch M. Kaj~hara, H Ogno, K 
Yasuda unpubshed data 

11. Cuturng of lens, neural retna, and lung tssues was 
performed as descrbed (4) For vrus experments, 
spec~f~c pathogen-free wh~te  Leghorn eggs were 
used ( n e  M, supped by Nsseken Ltd.). 

12 L-maf cDNA or the H~nd  B a m  HI fragment of 
a C H O  (Pharmaca) encodng p-gaactosdase were 
inserted n to  pEFX, result~ng n pEFX-L-Maf and 
pEFX-p-gal, respect~vey. Cotransfecton was car- 
r~ed out usng a c a c u m  phosphate method w ~ t h  0 3 
pg  of uc~ferase reporter pasmd  0 25 k g  of pEFX- 
p-gal, 0 45 p g  of pUCI I 9  (carr~er), and 20 ng of 

effector plasmid (pEFX or pEFX-L-Ma0 in 22-mm 
d~shes Cell extracts were prepared 48 hours after 
transfection for assay of ucferase actvites p-Ga- 
actosidase was used to determine relative transfec- 
tion efficiencies and to normalize luciferase activity. 
For forced expresson experments, 2 p g  of pEFX- 
p-gal or pEFX-L-Maf was transfected n to  a 35-mm 
dish 

13, L-maf cDNA contaning the open reading frame was 
Inserted into the Eco R s te  of pMAL-cR vector (New 
England Biolabs). MBP-L-Maf fus~on protein was 
purified by amyose resn affnity-column chromatog- 
raphy as recommended by the supper (New En- 
gland Biolabs); 250 ng of MBP-L-Maf or MBP (con- 
trol) was incubated w ~ t h  the folov\~ng end-abeed 
ol~gonucleotides and analyzed by poyacryamide gel 
eectrophoress (3, 4). caA, chick aA-crystain (base 
pars - 1 1 4 to -90,5'-CATTTCTGCTGACCACGT- 
TGCCTTC-3'); mt-caA, a mutated version of caA 
(5'-CATTTCTCAGGACCACGTTGCCTTC-3'), cpBl ,  
chick pB1 -crystain (base palrs 9 3  to 6 9 .  5'- 
AGACACTGATGAGCTGGCACTTCCA-3'); c61 ch~ck 
81-crystal~n (base pairs 2200 to 2224, 5'-CAG- 
GACTGCAGGATCAGCATGATC-3'); maA, mouse 
aA-crystall~n (base pairs 1 1 6  to -92, 5'-TC- 
CAGCTGCTGACGGTGCAGCCTCT-3'), and mrF,  
mouse yF-crystall~n (base pars 5 3  to 2 9 ,  5 ' -  
TGTTCCTGCCAACACAGCAGACCTC-3'). 

14, L-Maf ant~serum was generated by mmunlzlng a 
rabb~t ~ 1 1 t h  MBP-L-Maf. The crys tan mAbs were 
provided by K. Sawada and G. Eguchi [K. Sawada, 
K, Agata, A. Yoshki G. Eguchi Jpn. J. Ophthalmol. 
37,355 (1 993)] L-Maf and p-gal mmune complexes 
were detected w ~ t h  antibodes to rabb~t immuno- 
globun G (IgG) conjugated to tetramethy rhoda- 
mne  sothocyanate (DAKO); c rys tan mmune com- 
plexes were detected w ~ t h  antbody to mouse IgG 
conjugated to fuorescen sothocyanate (DAKO) 

15 I. Aya, H Ogno, K Yasuda, unpubshed data. 
16, In ovo electroporation was bas~cay  performed as 

descrbed [ I .  Muramatsu, Y. Mzutan, J. Okumura, 
Anim Sci. Technol. 67, 906 (1 996)j Plasm~d 
pCAGGS-L-Maf, contanng an L-maf cDNA fused 
to a pasmd  pCAGGS bearng a CMV-p-actn pro- 
moter [M. Toku et a/. Biochem Biophys Res Com- 
mun. 233, 527 (1997)], was electroporated n t o  
ch~ck embryos at stage 9 to 10 together w th  pasm~d  
pCAGGS-GFP to montor ncorporaton of DNA Into 
embryos Whole mount mmunostalnlng was per- 
formed as descrbed [Y. M. Lee et a1 , Development 
121. 825 (I 995)l. We have found that not a tssues 
are equally senstve to uptake of DNA devered by 
t hs  method In paricuar the brancha arch regon 
appears less sens~t~ve than the surrounding ecto- 

derm for Induction of L-Maf expression. 
RCAS-L-Maf was constructed by Inserting the L- 
maf cDNA n to  the C a  I site of a RCAS(A) vector [S. 
Hughes, J .! Greenhouse, C. J. Petropoulos, P. 
Sutrave, J. Virol. 61, 3004 (1 987)j. Retrovrus prep- 
aratlon was performed as descr~bed [C. Cepko n 
Current Protocols in Molecular Biology F MM. Aus- 
ube et a1 Eds. ( W e y ,  New York 1992), Un~t  9 11 
For a quantitatve analysis, cycle numbers were de- 
termined for each prmer par  to maintain exponential 
ampificaton. Primer palrs and numbers of cycles 
were as follows: L-maf 5'-GAGGCCGAGAGGCT- 
GTGCCAC-3' and 5'-GCAGCTCCTCGCCCCCA- 
AAGG-3', 25 cycles; aA-crystall~n 5'-GCCTTTGT- 
TCTCCTCCACTATCAG-3' and 5'-GTGGAACTC- 
ACGAGAGATGTAGC-3', 25 cycles; pB1 -crys:aln, 
5'-AGCAGCTGCCCAGACCCGAG-3' and 5'-GCT- 
GACGATGACACTGCGCAC-3' 28 cycles; 61 -crys- 
t a n  5'-CTGAGCTGGAGAAGATCCTGAG-3' and 
5'-TCCACCAGGGTCTTGATGAGC-3', 25 cycles; 
f~lensln. 5'-TCGCCAGCTACATCAACCG-3' and 5 ' -  
TGTGGTACTCATCAAGCATGC-3' 28 cycles, s l 7 ,  
5'-TACACCCGTCTGGGCAACGAC-3' and 5 ' -  
CCGCTGGATGCGCTTCATCAG-3', 25 cycles All 
of these prmers were desgned for chck cDNA 
R E H I  etal , Nature 354 522 (1991) 
G Halder, P Calaerts, W. J. Gehring Science 267, 
1788 (1 995). 
A Cvek and J P~atigorsky, Bioessays 18, 621 
(1 996). 
Y. Kamach etal EMBO J 14, 3510 (1995). 
M Tini, G. Otulakov\~sk~, M. L Breitman, L. C. Tsu~, V. 
Gguere, Genes Dev. 7 295 (1 993) 
G. Oliver et a / . ,  Development 121, 4045 (1995); G. 
Ol~ver, F Loosli, R. Koster, J. Wittbrodt, P. Gruss, 
Mech. Dev. 60. 233 (1 997). 
P. H. Mathers, A Gr~nberg, K. A. Mahon M. Jam- 
r~ch, Nature 387, 603 (1997). 
F D. Porter et a / . ,  Development 124 2935 (1 997). 
R. Qu~r~ng U. Wadorf,  U. Kloter W. J Gehr~ng, 
Science 265 785 (1 994). 
We thank K. Umesono, R. Yu K Shmamoto, M. 
Nakafuku J. Kato, and M. Takech for c r ~ t c a  read- 
n g  and comments on the manuscrpt; I. Motnose 
and K. Ono for help w~ th  whole mount n s~tu  hybrd- 
zaton; K Umesono, H. Ogawa, and J. Myazak for 
pasmds,  and K Sawada and G. Eguch for mAbs 
Supported n part by grants-n-ad for scent fc  re- 
search from the Mnst ry  of Educaton, Scence and 
Culture of Japan and by a grant from the Human 
Fronter Scence Program. The GenBank accesson 
number for L-maf IS AF034570 

4 December 1997, accepted 6 February 1998 

Location, Location, Location... 
Discover SCIENCE Online at our new location and take advantage of these features ... 

Fully searchable database of abstracts and news summaries 
Interactive projects and additional data found in the Beyond the Printed Page section 
SCIENCE Professional Network & Electronic Marketplace 

Tap into the sequence below and see SCIENCE Online for yourself. 

www.sciencemag.org 

S ~ E N C E  
118 SCIENCE VOL 28C 3 APRIL 1998 www.sciencemag olg 




