
daf- 16: An H N F-3/forkhead Family Mem her tagenized hf-2(e1370) hermaphrodites 
with trimethylpsoralen followed by ultravi- 

That Can Function to Double the Life-Span olet (UV) irradiation, which causes both 

of Caenorhabditis elegans point mutations and deletions (13), and 
screened their descendants for rare individ- 
uals that did not become dauers but instead Kui Lin, Jennie B. Dorman,* Aylin Rodan, Cynthia Kenyon ,,, to adulthood. We found 24 indeDen- 
ient  daf-2 suppressors, all of which proved 

The wild-type Caenorhabditis elegans nematode ages rapidly, undergoing development, to be new alleles of daf-16 (1 4). This result 
senescence, and death in less than 3 weeks. In contrast, mutants with reduced activity suggests that there are not a large number of 
of the gene daf-2, a homolog of the insulin and insulin-like growth factor receptors, age genes like daf-16. Instead, any genes that 
more slowly than normal and live more than twice as long. These mutants are active and act along with, or downstream of, daf-16 to 
fully fertile and have normal metabolic rates. The life-span extension caused by daf-2 initiate dauer formation are likely to affect 
mutations requires the activity of the gene daf-16. daf-16 appears to play a unique role only certain aspects of dauer formation or 
in life-span regulation and encodes a member of the hepatocyte nuclear factor 3 (HNF- else are functionally redundant or essential 
3)/forkhead family of transcriptional regulators. In humans, insulin down-regulates the (1 5). Thus, daf-16 provides a unique start- 
expression of certain genes by antagonizing the activity of HNF-3, raising the possibility ing point for understanding how aging can 
that aspects of this regulatory system have been conserved. be regulated. 

We cloned daf-16 by transposon tagging 
(1 6, 17). We isolated a daf-16::Tcl inser- 
tion mutation, mu147, by looking for daf-2 

T h e  identification of genes that regulate under conditions that do not induce dauer suppressors in a daf-2; mut-6 strain, in 
aging (1) is an important breakthrough be- formation, it allows fertile adults carrying which the transposon Tcl  is active (Fig. 1, 
cause it provides a means of investigating weak daf-2 mutations to remain active for a A and B) (1 6). We then cloned the genom- 
this fundamental but poorly understood much longer period and to live twice as ic DNA containing this Tcl  element and 
process. The nematode Caenormtis  el- long as normal (4). used sequences flanking Tcl  as a probe in 
egans has a very rapid rate of aging (2), Because so few genes are known to reg- Southern blot analysis of DNA isolated 
which is due in part to the activity of the ulate aging in any organism, we asked how from our trimethylpsoralen-induced daf-16 
gene daf-2. Mutations that reduce the ac- many other genes were likely to have func- mutants. In five mutants, we found changes 
tivity of daf-2, a homolog of the insulin and tions similar to that of daf-16. To do this, in the mobility of the restriction fragments 
insulin-like growth factor (IGF) receptors we carried out a genetic screen for addition- that hybridized to the probe (Fig. 1C). 
(3), can slow the rate of aging and more a1 daf-1 6-like mutants. daf-16 mutations, as The Tcl-tagged DNA was sequenced and 
than double the life-span of the animal (4) well as mutations in functionally related found to be present on the cosmid R13H8, 
without substantially affecting its activity or genes required for both dauer formation and which was sequenced by the C. ekgans se- 
fertility (4-6). The life-span extension life-span, can be isolated easily as suppres- quencing project (18). We obtained the cor- 
caused by daf-2 mutations requires the gene sors of daf-2 mutations (7-9). We mu- responding cDNA sequences by performing 
daf-16 (4). 

In addition to regulating the rate of ag- 
ing, daf-2 and daf-16 also regulate the deci- Fig- Identification Of a A daf-i6(-) daf-i6(+) B daf-id(-) daf-l6(+) 
sion to enter diapause (the dauer phase) daf-76::Tc7 mu- 

tant. (A and B) Cosegrega- 1 2 3 4 5 6 7 8  
(7-10). When food is limited, young ani- tion of a Tcl -containing 
mals become dauers instead of developing fragment with the daf- 

F- 
to adulthood (9). The dauer is a resilient, 76(mu747) mutation, in  (A), 
long-lived, juvenile form that remains small xba 1-digested genomic 
and reproductively immature. Wild-type DNA was probed with 6.1 kb+ 6.1 kb+ 

daf-2 activity promotes growth to adulthood Tcl . The arrow points to a l t l  and prevents dauer formation. Unlike par- the 6.1 -kb fragment, which 
d.... 

tial loss of daf-2 function, which specifically Was Present in 20 of 20 daf- 
affects life-span, more severe loss of daf-2 16(-) recombinants (three 

function causes the animals to become are Shown in lanes 3, 
but absent in 15 of 15 daf- dauers even in the presence of food (7-1 1 ). 16(+) recombinants (five are C ~ $ ~ ~ ~ ~ t ~ a ~ g g > ~ g ~  Thus, daf-2(+) has two functions: It pro- shown in lanes to 8) and = 1 3 3 2 2 3 5 5 5 5 3 5 3 5 5  

G E E E c E E E E E E E E F E E s  
motes growth to adulthood, and it shortens also absent in the -- 
the life-spans of adult animals (1 2). In ad- strain N2 (not shown) (76). in Hind - c 8 3 k b  
dition to its role in life-span extension, the (B), the same filter was 
wild-type daf-16 gene is also required for probed with genomic se- 
dauer formation in both wild-type and daf- quencesflanking thisTc1 el- 
2( -) animals (7-1 1 ). Thus, daf-16 also has merit. All daf-16(+) recorn- 

Eco RI t 4  6 kb 
two functions: Under dauer-inducing con- binants as as N2 (not 
ditions, it promotes dauer formation, and, shown) contained a single 

4.5-kb hvbridizina fraament 
Department of Biochemistry and Biophysics, University (arrowhead); all "daf-"16(-) 
of California, San Francisco, ~~94143-0554, USA, recombinants lacked this band and instead contained a band 1.6 kb larger (arrow; Tcl is 1.6 kb). (C) 

*Present address: Molecular and Cellular Biology Pro- Genomic DNA from the trimethylpsoralen-induced mutants was probed with the sequence flanking Tcl . 
gram, University of Washington, Seattle, WA 98195- Five mutants exhibited changes in the mobility of these restriction fragments. Arrowheads indicate 
7275, USA. mobility shifts; the lack of a hybridizing band in mu86 is indicated by an asterisk. WT, wild type. 

www.sciencemag.org SCIENCE VOL. 278 14 NOVEMBER 1997 1319 



reverse transcription polymerase chain Kac- 
t ion (RT-PCR) and by analyzing clones from 
the C. elegans expressed sequence tag (EST) 
database (1 9) (Fig. 2). Both methods identi- 
fied a c D N A  species consisting of 10 exons 
and containing a single open reading frame 
predicted to  encode a protein of 510 amino 
acids (Fig. 2, A and B). 

The sequence o f  this gene was found to  
be homologous to  members o f  the HNF-31 
forkhead family, a large class o f  transcrip- 

t i on  factors characterized by the presence of 
a forkhead domain. an -110-amino acid 
domain that forms a winged hel ix structure 
and mediates DNA binding (20). Members - .  , 

o f  this family have many different roles in 
embryogenesis, tumorigenesis, and differen- 
t iat ion and have been found to  funct ion at 
downstream ~os i t i ons  in several tvDes of , 
signaling pathways (20), including insulin 
~a thwavs  (described below). The daf-16 
iorkhead domain was most similar to  those 

of human F K H R  and A F X  proteins (67% 
and 64% identity, respectively), bo th  o f  
which were identif ied as human oncogenic 
fusion proteins (20) (Fig. 3).  As w i t h  other 
HNF-3lforkhead family members, l i t t le  sim- 
i larity was present outside of this region. 

W e  verified that this gene was daf-16 by 
identifying sequence changes in the T c l  
insertion mutant, two previously identif ied 
daf-16 mutants, m26 and m27, and eight 
trimethylpsoralen-induced mutations that 

Fig. 2. daf-16 encodes an HNF-3-forkhead homolog. 
(A) The structure of the daf-16 gene. The genomic DNA 
sequence spans at least 14 kb and contains 10 exons 
(boxes). The predicted coding regions are filled in black, 

B 
______) 

SL1 : ggtt taattacccaagtttgag 

1 0 1  ~ ~ a a a ~ ~ g t t ~ a a g ~ t g ~ t g ~ ~ t t ~ ~ ~ t ~ t ~ a t ~ ~ ~ ~ t ~ ~ t c t t a c t c " t t c t t t c t c g t " " g c t a c t a c t g t a t " t t c t g g a " t c t c " t g t t c c  2 0 0  

2 0 1  aCCagtggCCagtCatCtgCcst tacaat t tCatCBattgcct tc t tcaccaccgccgtcctcat tcacccgt tc t tcctctcctcac 3 0 0  

3 0 1  t ~ ~ t ~ ~ t ~ t t t g ~ ~ t ~ a a a t t ~ ~ c g a a g a c g t t  ATG ATG GAG ATG CTG GTA GAT CAG GGA ACT GAT GCA TCG TCA TCC GCC 3 8 1  
1 M M E M L V D Q G T D A S S S A  1 6  

3 8 2  TCC ACG TCC ACC TCA TCT GTT TCG AGA TTC GGA GCG GAC ACG TTC ATG AAT ACA CCG GAT GAT GTG ATG ATG AAT 4 5 6  
1 7 S T S T S S V S R F G A D T F M N T P D D V M M N  4 1  

4 5 7  GAT GAT ATG GAA CCG ATT CCT CGT GAT CGG TGC AAT ACG TGG CCA ATG CGT AGG CCG CAA CTC GG CCA CCA CTC 5 3 1  
4 2 D D M E P I P R D R C N T W P M R R P Q L E P P L  6 6  

5 3 2  AAC TCG AGT CCC ATT ATT CAT GAA CAA ATT C C T 3 A A  GAA GAT GCT G ~ C  CTA TAC GGG AGC AAT GAG CAA TGT GGA 6 0 6  
6 7 N S S P I I H E Q I P E E D A D L Y G S N E Q C G  9 1  

6 0 7  CAG CTC GGC GGA GCA TCT TCA AAC GGG TCG ACA GCA ATG CTT CAT ACT CCA GAT GGA AGC AAT TCT CAT CAG ACA 6 8 1  
9 2 Q L G G A r , S S , N G S T A M L H T P D G S N S H Q T  1 1 6  

and the reglOnS homologous to the forkhead-winged 6 8 2  ~ ~ ~ s F P s ~ ~ M s E s P D D T v ~ G K K T T T R R  TCG rn CCT TCG G T TTC A A A, TCC GAA TCG CCA GAC GAT ACC GTA TCG GGA AAA AAG ACA ACG ACC AGA CGG 7 5 6  1 4 1  

helix domain are hatched' The changes in seven daf16 7 5 7  M C  GCT TGG GGA AA ATG TCA TAT GCT G M  CTT ATC ACT ACA GCC ATT ATG GCT AGT CCA GAG AAA CGG TTA ACT 8 3 1  
mutations, m26, m27, mu147, mu100, mu92, mu86, 1 4 2  N A w G N M s Y A E L I T T A I M A s P E K R L T 166  v and mu84, are shown [four additional mutations (mu85, 8 3 2  CTT GCA CAA GTT TZ GAA TGG ATG GTC CAG AAT GTT CCA TAC TTC AGG GAT AAG GGA GAT TCG AAC A% TCA GCT 9 0 6  

1 6 7  L A Q $ Y E W M V Q N V P Y F R D K G D S N S S A  1 9 1  
mu87' mu89' and contained deletions that were 

g 0 7  GGA TGG AAG TCG ATC CGT CAC LB.T CTG T C T  CTT CAT TCT CGT TTC ATG CGA A'M CAG AAT GAA GGA GCC GGA g 8 1  

detectedbvSouthernblotanalvsisorPCRbutwerenot 1 9 2 ~  w K N s I R H N L L H s R F I Q A 216 

sequenced]. m26 harbors asingle GC to AT transition at ;!: PG QGC ;CG p p 6~ :w PT ;CA ;AT ~ C A  
;CA ~ G A  ;GG PT ;CA ZGG EGT $cA ZGT 

EGA Y C  P T  19:s 
the5' splicejunctlon (indicated by avertical bar) of lntron 1 0 5 7  ACT .m GAG ACT m V G c T  CAA CTC G M  AAA TCT CGC CGC GGA Gee AAG AAG A m  ATA AAG GAG AGA GcA 1 1 3 1  

2,Thepositions of theXba l (qfragment containing the 2 4 2  I Q A * I A 

Tcl insertion in mu147 and those of the E~~ R~ (E) and 1 1 3 2  TTG ATG GGC TCC CTT CAC TCG ACA CTT AAT GGA AAT TCG ATT GCC GGA TCG ATT CAA ACG ATT TCT CAC GAT TTG 1 2 0 6  
2 6 7 L M G S L H S T L N G N S I A G S I Q T I S H D L  2 9 1  v H~nd Il l  (H) restriction fragments that were altered in the 1 2 0 7  TAT GAT GAT GAT TCA ATG CAA GGA GCA m GAT AAC GTT CCA TCA TCT TTC CGT ccc CGA ACT CAA TCG AAC CTC 1281 

daf-16 mutants (Fig. 1C) are shown. The use of two 2 g 2  A 316 

alternative3, splice sitesforintron 2isindicated bysolid 
1 2 8 2  TCG ATP CCT GGA TCG TCG TCT CGT GTT TCT CCA GCT ATT GGA AGT GAT ATC TAT GAT GAT CTA GAA TTC CCA TCA 1 3 5 6  

3 1 7 s - I P G S S S R V S P A I G S D I Y D D L E F P S  3 4 1  

and dashed Ilnes, (B) The daf-16 cDNA and 1 3 5 7  & GTT GGC GAA TCG GTT CCA GCA ATT CCA AGT GAT ATT GTT GAT AGA ACT GAT CAA ATG CGT ATC GAT GCA ACT 1 4 3 1  
3 4 2 W V G E S V P A I P S D I V D R T D Q M R I D A T  3 6 6  

amino acid sequence (GenBank accession number 1 4 3 2  ACT CAT ATT GGT GGA GTT CAG ATT AAG CAG GAG TCG .khG CCG ATT A A G I C G  GAA CCA , GCT CCA CCA CCA TCA 1 5 0 6  

AF032112). The daf-16 message we analyzed was 367 I Q I Q I I A 3g1 

trans-spliced with an SLI leader (33). Open triangles 1 5 0 7  TAC CAC GAG TTG AAC AGT GTC CGT GGA TCG TGT GCT CAG AAT CCA C T P  CTT CGA AAT CCA ATT GTG CCA AGC ACT 1 5 8 1  
3 9 2 Y H E L N S V R G S C A Q N P L L R N P I V P S T  4 1 6  

indicate intron positions inferred from the cDNA se- 1 5 8 2  AAc ,, ,, ,c! ATG CCA CTA CCG GGT GCC TAT GGA AAC TAT CAA AAT GGT GGA ATA ACT CCA ATC AAT TGG CTA 1 6 5 6  

quences. Thesix base pairs that are missing from one of 417 A I I 441 

+he alternatively spliced forms are boxed; the predicted 
1 6 5 7  TCA ACA TCC AAC TCA TCT CCA CTG CCT GGA ATT CAA TCG TGT GGA ATT GTA GCT GCA CAG CAT ACT GTC GCT TCT 1 7 3 1  

4 4 2 S T S N S S P L P G I Q S C G I V A A Q H T V A S  4 6 6  

amino acid residue at position 121 IS a Glu in the shorter 1:;: ;CA ~ C G  FT ETT ;CA :TT ;AT EM PT ETG $CA ETT ;CC ;AT y~ ;CA ETG ;TG ;AT ~ C T  ;TG :AT ;TT EAT 
; ; ~ 6  

(508 amino acids) form (not shown) instead of an Asp in 1 8 0 7  GCA TTG ATC AGA CAT GAG CTG AGT CAA GCT GGA GGG CAG CAT ATT CAT TTT GAT TTG TAA attctcttcattttgtttcc 1 8 8 6  

the longer (510 amlno acid) form. A polyadenylation 4 9 2  A L I R H E L s Q A G G Q H I H F D L * 5 1 1  

[poly(A)] signal 1s found 11 base pairs upstream of the 1 8 8 7  c c t g g t g t t g t t c g a a a g a g a g a t a g c a a a g c a g c g a g g g t g ~ t t t g t t t t t t t t t t t t g t t  1 9 8 6  

site ofpoly(A) in RT-pCR products containing the long. 1 9 8 7  a c a g c c a g a c c a t c a a t ~ t t ~ t t ~ ~ a a a t t t t g a c g t t t t c t g t c g t t t g t t c c c c t t  2 0 8 6  

est3! untranslated region(bold underline),Theforkhead 2 0 8 7  t c t c t c g t c t a a t t c c a a ~ a ~ a t t ~ a t ~ ~ ~ a g t g a c g t ~ t g  2 1 8 6  

domain is indicated by brackets, and the position of the 2 1 8 7  a c c g t t g a t t a t t a c c t c t t t t t t ~ t t g t t t t t t t t t t c t c t c t c t c t c t c c c g t c a t c c a g g t t c t t c a c t c t t t a a a t g c t a t t t t t t t  2 2 8 6  

T~~ insertion in is by a vertical arrow, 2 2 8 7  t t c g c t g t a a a t t t g t t t ~ g ~ a a t ~ a a a a ~ t g ~ t a a a a ~ a ~ a t t ~ ~ ~ ~ a a t ~ t g t ~ t t t t t t a a t t g a a t t t t t ~ a a a a a a t t t g t t t t t g t t t t  2 3 8 6  

Primers used in RT-PCR are indicated by horizontal 2 3 8 7  ttgtaattctttaatttt~~t~tttttttt~~~~~tggtag~aaatgt~tag~gatt~t~ttt~tttttttgtttaa~ttt~a~at~tgg~~gatt~gaa 2 4 8 6  C 
arrows over the sequences, The 3, RACE primers (Q 2 4 8 7  t c c t c c g t a t a c a c a c a c a ~ a t a g t a a t ~ t a ~ ~ t ~ ~ a a a a t t t t a ~ t g a a a g a t g t g a t ~ ~ ~ ~ t ~ t ~ t g t ~ t ~ ~ ~ t ~ t a ~ a a a t t t t t g t t g t t t  2 5 8 6  

Q,, and Q)  used for isolating 3, cDNA ends are alz 2 5 8 7  gtgtatattgccaccacgtcgattttaaattaaaa~~at~gtttttt~tt~tttt~ta~tttttt~t~gaaaaatttaa~aa~a~a~aaaaaatcttc 2 6 8 6  

shown (34)) The m27 GC to AT amber mutation is indi- 
2 6 8 7  a a a a a a t c t c a g t t t t a a a t g g t g t g g ~ a a t a t a t ~ g g a t ~ ~ ~ ~ ~ t ~ t a ~ a ~ ~ a g a a ~ a g t ~ t t g ~ a a t t t ~ a g a g a a t g a t t t t ~ a g t t t t t t t  2 7 8 6  

2 7 8 7  acaggccccctttttttgcetgttgttttttt~t~ta~~t~t~ttt~tttt~att~tattt~t~t~t~ttgtttt~t~t~tgttat~~tgtacttttcttc 2 8 8 6  
cated by an asterisk Over the 'Ite' The m26 mRNA 2 8 8 7  caattctttctggctatttctgattttcgagtt~atatt~t~ta~gttcactttctctcgcgccacgccccctttttcgtctccctccgcccccaaata 2 9 8 6  

analysis is not shown, but RT-PCR detected two abnor- 2 9 8 7  tatttgcgactgtatgatgatgatgatgatttaataaaaatcaaatttg - 3 0 3 5  

mally spl~ced mRNA species from this mutant. The ma- 
jor form contained unspliced intron 2 and therefore is 
645 bp longer than the wild-type longer form; the minor Q: -- Q* 

form (-10% of the product) lacked the last two nucle0- QT 3 , - ~ ~ T T C G A A C T C G A G C T C A G G A G C A G A C C C - 5 '  

tides of exon 2 because of the use of a noncanonical5' splice site GA instead 
of GU. Both forms predicted early stop codons shortly after exon 2. A down- form was detected in the m26 mRNA. Also not shown is the mu100 mRNA 
stream ~n-frame ATG was found in both cases, however,with the potentla1 to analysis,which resulted in an abnormally spliced mRNA bearing an early stop 
encode a 400-amino ac~d protein in the major form bearing an altered NH,- codon predicted to remove most of the forkhead domain and all COOH- 
term~nal region and the intact forkhead domain and COOH-terminal region as terminal regions. Abbreviations for the amino acid residues are as follows: A, 
well as a 353-amino acid protein in the minor form with the NH,-term~nal Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; 
region (includ~ng part of the forkhead doma~n) truncated. No correctly spliced N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 
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we analyzed (Fig. 2, A and B). Several 
mutations affected the conserved forkhead 
domain and were predicted to prevent 
DNA binding. The mu147 Tcl insertion 
was located within the forkhead domain, 
m26 altered a splice donor sequence up- 
stream of the forkhead domain, mu84 delet- 
ed part of the forkhead domain and some of 
the COOH-terminal region, and mu100 
and mu92 both affected splice junctions of 
exon 3, which encodes part of the forkhead 
domain. In contrast, one mutation, m27, 
created a stop codon -100 amino acids 
COOH-terminal to the forkhead domain. 
Semiquantitative RT-PCR analysis indicat- 
ed that this mutation did not affect daf-16 
mRNA levels, implying that it may encode 
a truncated DAF-16 protein containing the 
DNA binding domain but lacking the 
COOH-terminal region (21). This finding 
suggests that sequences downstream of the 
forkhead domain may be required for DAF- 
16 function. The COOH-terminal region of 
the forkhead family member FAST-1 has 
been found to mediate protein-protein in- 
teractions (22); whether a similar function 
exists for this region of DAF-16 awaits fur- 
ther analysis. 

The dauerdefective phenotype of daf-16 
is semidominant (8); therefore, it was par- 
ticularly important to confirm that the Daf- 
16 mutant phenotype resulted from reduced 
rather than altered or novel gene activity. 
Our findings indicated that this is the case, 
because most of these mutations would be 
predicted to reduce or eliminate daf-16 ac- 
tivity. To determine whether any of these 
mutations were null alleles, we analyzed 
mRNA expression in the mutants. For the 
majority of alleles, it was not possible to 
completely rule out the possibility that re- 
sidual daf-16 function might still exist (Fig. 
2B). However, one mutation, mu86, was 
likely a null allele. This mutation was a 

large deletion that removed most of the 
coding sequence, including all of the fork- 
head domain. This mutant, like all other 
known daf-16 alleles, grew to become an 
active, fertile adult. This finding suggests 
that daf-16 functions primarily to regulate 
life-span and dauer formation and does not 
have essential activities. 

The finding that daf-16 encodes an 
HNF3/forkhead family member is impor- 
tant because it implies that mutations in 
the daf-2 insulin/IGF receptor homolog ex- 
ert their effects not simply by changing the 
activities of preexisting enzymes (23) but 
instead by initiating a new genetic regula- 
tory program that extends youthfulness and 
postpones death. There are several intrigu- 
ing parallels between this C. elegans path- 
way and the human insulin/IGF pathways 
(3). In humans, insulin and IFG regulate 
food utilization pathways and promote 
growth (23). Similarly, daf-2 activity pro- 
motes growth to adulthood when food is 
abundant; conversely, lack of daf-2 activity 
maintains the dauer state, in which the 
animals use stored ,food sources. In animals 
that lack daf-16 activity, daf-2 mutations 
have little or no effect, which raises the 
possibility that the primary role of daf-2 is 
to prevent daf-16 function (7-9). In hu- 
mans, insulin appears to mediate some of its 
effects by blocking the activity of HNF-3 
(24). Of four insulin-repressed genes that 
have been studied extensively, three, phos- 
phoenolpyruvate carboxykinase, tyrosine 
amino transferase, and IGF binding pro- 
tein-1, appear to be up-regulated by HNF-3 
in the absence of insulin. Each gene con- 
tains a similar insulin-response sequence 
(IRS) that can act as a binding site for 
HNF-3 and that is required for repression by 
insulin. It has been proposed that insulin 
signaling acts by preventing HNF-3 from 
binding to the IRS (24,25). 

HI - H2 Loop r 

QR 
X S  
R T 

Q Q  A DL 
Q N N  DL 

ConwnsuD . . . . . . . . : . . .  +. ..:. . *  . . .  :** . .  :_.  . .  . + .  . . . . . . . . .  

DAF.18 190 
FKHR 106 
AFX 1 4 3  
t-NF.h 1 6 1  - . : 
L C  2 5 2  - 3 P  . . . . . . . .  C K R P X  
C O ~ S  . . .  . . . . . . . . . . .  . . .  . . .  

DAF-16 
FKHR 
AFX 

144 ET T Fig. 3. Alignment of the putative DAF-16 forkhead domain with forkhead domains 
from human FKHR (GenBank accession number U0231 O), human AFX (GenBank 

117 L E E  accession number X93996), murine HNF-3.1 (GenBank accession number 
308 O E K  

-~ - -  --- . P35584), and Drosophila forkhead (GenBank accession number A32380) proteins 
(20). Positions of the a helices (HI, H2, and H3), p strands (S1 , S2, and S3), and 

wing (W1 and W2) domains as determined by x-ray crystallography of the HNF-3.1 DNA binding domain 
(35) are indicated. Residues with greater than 50% identity and similarity are shaded in black and gray, 
respectively. Asterisks refer to residues that are identical in ail five proteins: dots refer to residues that are 
similar in more than three of the proteins. 

So far, little is known about how daf-2 
might affect daf-16 activity in C. elegans. 
daf-2 may exert its effects by activating the 
phosphatidylinositol 3-kinase age-1 , be- 
cause mutations in this gene also extend 
life-span in a daf-1 &dependent fashion (5, 
26-30). 

In vertebrates. caloric restriction. which 
affects insulin levels, has an effect analo- 
gous to that of weak daf-2 mutations: It also " 
extends life-span without decreasing the 
rate of metabolism (31). Thus, life-span in 
both C. elegans and vertebrates may be 
regulated by an evolutionarily consewed 
mechanism involving a forkhead homolog 
that promotes longevity when food is scarce 
and an insulin family member that counter- 
acts it. In addition, it is possible that the 
different aging rates of different individuals 
within a species, as well as the markedly 
different aging rates exhibited by members 
of different species, are due in part to in- 
trinsic differences in the restine levels of ... 
this signaling pathway. 

Note added in proof: Working indepen- 
dently, Ogg et al. have also cloned and 
molecularly analyzed daf-16 (36). 
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Immune Response and Myoblasts 
That Express Fas Ligand 

H e n r y  T. Lau e t  al. ( 1 )  report that syn- findings of Lau e t  al. (1). Although shown 
geneic myoblasts that expressed Fas llgand earlier to  occur in  postnatal cardiac and 
(FasL, CD95L) protected allogenelc islets skeletal muscle tissues (9), Fas expression 
of Langerhans from immune rejection had, to  our knowledge, not been examined 
when cotransnlanted under the kidnev in cultured cells. With the use of a n  anti- 
capsule. T h e  presumed immune privilege 
conferred by exogenous expression of FasL 
in this system appeared to be similar to  the 
naturally occurring immune protection 
described in the anterior chamber of the 
eye ( 2 ) ,  in  the rodent testis ( 3 ) ,  and in 
malignant melanoma ( 4 ) ,  all of which ex- 
press endogenous FasL. These studies gen- 
erated considerable interest in  the scien- 
tific community because they suggested a 
method for generating gene- or tissue-spe- 
cific tolerance with broad applications to  
organ transplantation. In contrast with 
these results, others have found that ex- 
ogenous FasL expression, either by tumor 
cells or by islets, targeted the cells for 
rapid destruction by neutrophils ( 5 ,  6). 
Moreover, although a recent report 
showed a FasL-mediated inhibition of an- 
tibody production, it also stated that a n  
inflammatory response was observed (7). 

T o  investigate potential variables lead- 
ing to these divergent findings, we carried 
out experiments designed to replicate 
closely those described by Lau e t  al. (1).  
Primary skeletal myoblasts were isolated 
from C 3 H  mice and transduced with a 
retroviral vector that directs Inurine FasL 
expression from the LTR promoter. Func- 
tional FasL expression was confirmed by 
cytotoxicity to Fas-expressing Jurkat cells 
(8). Unexpectedly, transduced myoblasts 
underwent rapid apoptosis during differen- 
tiation, which suggests that skeletal myo- 
blasts express Fas, in contrast with the 

body to mouse Fas, Jo2 ( l o ) ,  we confirmed 
Fas expression in myoblasts of C 3 H  (Fig. 
1) and C57BL/6 strains (1 1 ) .  

To  avoid FasIFasL-mediated self-destruc- 
tion of myoblasts, we generated primary 
myoblasts from Fas-deficient C57BL/6 lpr 
mice, the mouse counterpart to human au- 
toimmune lymphoproliferative syndrome 
(ALPS). When  transduced with the FasL 
vector, lpr myoblasts did not self-destruct 
on differentlation in vitro. Nontransduced 
or FasL-transduced lpr myoblasts were in- 
jected under the kidney capsule of congenic 
C57BL/6 mice. Mice were killed l , 3 ,  7, 14, 
and 26 days after transplantation, and their 
kidneys were removed for histological ex- 
amination (Fig. 2). Kidneys transplanted 
with nontransduced myoblasts appeared 
normal at all time points (Fig. 2, A, C ,  and 
E). In contrast, each kidney transplanted 
with FasL-expressing myoblasts had a prom- 
inent white abscess that was abundant in 
neutrophils; these abscesses appeared by 
day 1, were pronounced by day 3, and dis- 
appeared by day 26 (Fig. 2, B, D, and F, 
respectively). Moreover, in  contrast with 
the findings of Lau e t  al. ( I ) ,  co-implanta- 
tion of allogeneic C3H islets of Langerhans 
with congenic FasL-expressing myoblasts 
led to accelerated destruction of the islets 
(Fig. 2G). Untransduced myoblasts differ- 
entiated and oersisted for at least 26 davs. , , 

but FasL myoblasts were destroyed by the 
granulocytic infiltrate (Fig. 2,  H and I). It is 
therefore unclear how Lau e t  al. (1 )  were 
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