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to facilitate their extravasation and metastasis. 
Keratan, heparan: chondroitin: carbohydrate: 
and tyrosine sulfate have been detected on al- 
teinatir ely spliced. highei molecular weight 
forms ( 1  16 to 200 kD) of CD44 (16, 17)  In oui 
study, the 85-kD form of CD44 was the majoi 
sulfated moiety. Preliminaiy data fiom sulfo- 
amino acid analysis provided no evidence for 
the tyrosine sulfation of CD44: whereas chem- 
ical or emmatic  removal of carbohydrate did 
provide evidence for carbohydrate sulfation 
(18). However, the precise identification of the 
sulfated residues and their location within 
CD44 remain to be deternnned. The selectin 
ligands are cell fdhesion ~ilolecules involved in 
leukocyte-endothelial cell interactions that are 
also sulfated (19). These molecules mediate the 
initial rolling interactions behveen leukocytes 
and high-walled endothelial venules (HEVs) 
(20). Sulfation of two selectin ligands. Gly- 
CAM-1 and CD34, occurs in HEVs on O- 
llnked glycans and is required for high-affinity 
binding to L-selectin (19, 21). Tyrosine sulfa- 
tion of the P-selectin ligand PSGL-1: present on 
leukocytes. has been shown to be important for 
high-affinity binding to P-selectin (22). Thus, 
the sulfation of cell adhesioii niolecules on 
HEVs and leukocytes may occur to facilitate 
leukocyte-endothelial cell interactions The In- 
duction of CD44 sulfation by TNF-a provides 
one potential ~ilechanism for regulating leuko- 
cyte adhesion during an inflammatory response. 
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Extended Life-Span and Stress 
Resistance in the Drosophila 

Mutant methuselah 
Yi-Jyun Lin, Laurent Seroude, Seymour Benzer* 

Toward a genetic dissection of the processes involved in aging, a screen for gene 
mutations that extend life-span in Drosophila melanogaster was performed. The 
mutant line methuselah (mth) displayed approximately 35 percent increase in 
average life-span and enhanced resistance to various forms of stress, including 
starvation, high temperature, and dietary paraquat, a free-radical generator. 
The mth gene predicted a protein with homology to several guanosine triphos- 
phate- binding protein-coupled seven-transmembrane domain receptors. Thus, 
the organism may use signal transduction pathways to modulate stress re- 
sponse and life-span. 

The effect of genes on life-span in D~.osophilrr 
has been established by selective breeding ( I ) .  
However, the participation of multiple genes 
with additive, quantitative effects call be diffi- 
cult to unravel. A direct search for life-exten- 
sion ~ilutailts could identify individual genes 
that regulate biological aging. Indeed, in the 
ne~natode Cnei~or.lzabditis elegc~ils, several mu- 
tations. for exa~nple, age-I. d~$-2. and cllc-I, 
have been described that can increase the 
wo~nl 's life-span (2). The coi~esponding genes 
have been cloned and are involved in various 
aspects of development and metabolism (3: 4). 

Life-span and stress response are closely 
associated. In C. elegans, the age-1 mutant 
displays elevated resistance to the~nlal exposure 
(5) and to oxidative stless ( 6 ) .  In Di.osophilir, 
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laboratoiy stocks selected for postponed senes- 
cence also show increased tolerance to heat, 
stanatioli, desiccation, and oxidative damage 
(7-9). Tandem o~rerexpressioil of Cu-Zn super- 
oxide disinutase (SOD) and catalase genes in 
Dl.osophila increased life-span by 30% (10). 
Similar obsei~ations were made in flies ex- 
pressing the hunaii SOD1 transgene in motor 
iiemons (11). However, the pli~~siological and 
inolecular events involved in life-span determi- 
nation and stress resistance have remained 
largely elusive. 

We generated a set of P-element inseltion 
lines (12, 13) and screened them for ones that 
outlived a parent strain (~rlzite"'"). i~zerlzuselail 
(ilzrll) was isolated by its increase in life-span 
at 29°C. The life exteilsion was confiimed at 
25°C. At both temperatures, flies homozy- 
gous for the P-element lived. on the average, 
35Y0 longer than the parent strain (Fig. 1). 

LtYe then examined the ability of inrl~ flies to 
resist stress. 1izti1 mutant flies were more resis- 
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Fig. 1. Life-span extension l o o  -- 

in methuselah. Male flies 
of the parental strain ,, ! 
(white"18) and methuse- 
lah (homozygous for the - 
P-element insertion) were 
maintained in a constant 
temperature, humidity, and 
12/12 hour darkllight cy- 
cle environment. Flies were 
transferred to fresh food 
vials and scored for surviv- 
al every 3 to 4 days. (A) 
Survival cunfe. The aver- .3 -- 

age life-spans for w1718 Days at 25 "C o 20 
40 60 80 100 723 

and mth were 57 and 77 days, respectively. The numbers of flies tested were 876 for Age (days) 
w1118 and 783 for mth. (B) Mortality rate. Logarithm of mortality rate (the fraction of 

flies dyhg per day) is plotted against age. 

tant to dietaiy paraquat (Fig. 2A), which. upon 
intake by the cell, generates superoxide anion 
(14). At a concentration of 20 ifi1, paraquat 
rendered noimal inales sluggish by 12 hours; at 
48 hours, nearly 90'/0 were dead. In contrast. 
111th males were still active at 24 hours. and at 
48 hours more than 50% were still alive. In a 
long-lived strain of Di~osopl7zia deilved by se- 
lection, life-span extension also accompanies 
increased paraquat resistance (9). Transgenic 
Drosophila cairying extra copies of SOD and 
catalase, two primary components of the de- 
fense systein against reactive oxygen species, 
also have increased life-span (10). Flies trans- 
genic for the human SOD1 gene display in- 
creased life-span and paraquat resistance, the 
degree of effect correlating with dosage of the 
transgene (11). Thus, mth inay have a higher 
capacity of the fiee-radical defense systein. 

In the stanration test, mtll showed a greater 
than 50% increase in average suwival time over 
the parent strain (Fig. 2B). Females were con- 
sistently more resistant than males, suggesting 
that their larger body weight inay contribute to 
resistance. Indeed, n7th males and females 
\veighed 20 to 30% more than their ~ i ; ~ ~ ~ % o u n -  
teipaits. In a Dl.osophila stock selectively bred 
for postponed senescence, resistance to star- 
vation and lipid content are higher than the 
baseline stock (7). In C. elegarzs, the mutant 
dc1f2, which exhlbits marked increase in lon- 
gevity, has extensive fat accuinulation when 
grown at 25"C, suggesting a coupling of its 
metabolism with longevity (4). 

Next we tested exposure to high tenlpera- 
ture (Fig. 2C). At 36"C, 1iztJ7 s~~i-vived longer 
than the parent strain. Heat shock proteins, a 
class of molecular chaperones, are thought to 
counter stress-induced detrimental effects dur- 
ing aging (15). In a transgenic fly harboring 12 
additional copies of the heat-inducible hsp70 
gene, there was a positive correlation between 
life expectancy and elevated Hsp70 protein ex- 
pressioil (16). Coi~espondingly, in &f-2 and 
age-1 mutant woims, resistance to thermal 
stress was higher than in control animals (5). 
The increased therrnotolerance of mth inay re- 
sult from higher expression of heat shock pro- 

100 
A 

'40 
B 

20 
C - 

Paraquat Starvat~on 1 Hlgh ternp$rature 

Maler Females Males Females \lalel Females 

Fig. 2. Stress responses. Homozygous mth compared with the parent strain. Newly eclosed flies 
were sex-segregated, distributed 20 per vial, and maintained in fresh food vials for 2 to 5 days 
before testing. Genotypes and sexes are indicated. (A) Paraquat resistance. Flies (age 2 days) were 
starved for 6 hours, then transferred to vials (2.5 cm by 9.3 cm) containing two 2.4-cm glass-fiber 
filter circles (Whatman) wetted with 20 mM paraquat (Sigma) in 5% sucrose solution, and survival 
was scored at 25% The ingestion rates of mth and the parent strain were similar, as determined 
by 14C-leucine and dye intake. (B) Starvation test. Flies (age 2 days) were transferred to vials 
containing filters moisturized with 0.2 ml  of distilled water. Distilled water was added to keep the 
filters moist during the test. (C)  Thermal stress test. Flies (age 5 days) were transferred to vials 
containing 1% agar in 5% sucrose solution, and maintained at 36OC. 

teins and related molecular chaperones. an imprecise excision allele were inore resistant 
By Southein (DNA) blot analysis of mtlz to stress than those homoqgous for the P- 

genomic DNA, we confilmed that 171th canies a 
single P-element insertion in the genoine (1 7). 
Genetic mapping indicated that it is mserted in 
the th11.d chroinosome. By crossmg ?nth to flies 
harboring a transposase (18), we generated 
lines in which the P-element was precisely ex- 
cised from the insertion site (as determined by 
polymerase chain reaction). Eight lines ob- 
tained in this manner had life-spans reverted to 
that of the parent strain, indicating that the 
phenotype in nztlz was specifically caused by 
the P-element insertion. The precise-excision 
strains were used as controls throughout the 
shidy; they behaved similarly to the parental 
strain in stress resistance as well. 

Two other lines isolated had imprecise 
excisions of the P-element, resulting in dele- 
tion of DNA adjacent to the inseition site. 
Both of these lines, \vl~ich likely represent 
null alleles of the mth gene, displayed pre-adult 
lethality in homozygotes, suggesting that the 
gene also plays an essential role in develop- 
ment. Flies heteroqgous for the P-element over 

element, indicating that the mutation created by 
the P-element insertion is a hypomoiphic al- 
lele. The P-element insertion in the third in- 
troll of the mtlz gene may reduce the level of 
gene expression by interfering with RNA splic- 
ing, without eliminating the gene function. 

We cloned the full-length genomic and 
complementary DNA of the nztlz gene (19) (Fig. 
3). The cDNA encodes a single open reading 
fraine (Fig. 3B). The predicted protein se- 
quence has a leader peptide plus seven hydro- 
phobic regions suggestive of transmembrane 
(TM) domains (Fig. 3C). A gapped Blast search 
(20) of this sequence showed hoinology to a 
variety of guanosine triphosphate-binding reg- 
ulatory protein (G proteinboupled receptors 
(GPCRs) (Fig. 3D). GPCR was also predicted 
by the Blocks Search program (21). The amino 
acid residues between TM5 and TM6, especial- 
ly those near the transinembranes, are highly 
basic, a feature shared by inany G protein- 
linked receptors, and in soine cases these resi- 
dues interact directly with G proteins (22). Ho- 

944 30 OCTOBER 1998 VOL 282 SCIENCE www.sciencemag.org 



R E P O R T S  

- 

1 T W G I T I A G I I G T C A C A C ~ C ~ I C T G T G T G h G T T T T U O C T T ~ W A O T I C W C G C ~ U C G T C C h T G T C C C C T T C  
80 A T h C h C ~ C C T C C A T C T C C C C I I C ~ T A C A C C G h T C G h G U C ~ 4 G C A T ~  hTG 4K ACT CTT 

D I L E C D Y F 2 T  

k C S Y L F E G L L I P A 7 L m G F Y D  € 4  
'01 TTT ACC RTI CTC CCG iAC iiC I C G  M G  CAG M G  GTG GCT CGT CkC i I A  AGA 664 TGT GTG 

C K L K P C Y R F C C - P D h 7 " D I C 1 1  
421 GTC TGC I A C  G i C  M C  iTG TCC OAC GAG DRC CTO DCT D m  CTC GAT CCC TTC CTT hhT OTi 

501 TRC RCC Ili TIC iiC hhC 664 iCT TTC TTT CGC CAC TTT 6kC CGT GTG ACT CTT CGC hhC 
Y T L F E I C T F F R P F 3 R I m L R K * $ 4  C W  F G P  I  N  T  w 

781 TCi CTG ATA TGC ATi G l l  CTR ACC ATC GCC CTA I A C  CTC TTC GTC hhC &AX CTA Chh hhC 
S L I C r 4 V L T . , I  Y L F V i l b Q > 2 4 4  "12 

84 TTG CAT CCA A4k TiC TIC ITC TGC TRC RTi GTG TGT CTC TIT ATG GGA TAT CTT TTC CTA MTH T W A N V F L n A O Y t B  S ~ I l f F I X F V  
L. P  G C F C Y  rd V C L F Y c y  L  F  L 2 6 4  hCD37 . - L Y L T % V V V I ~ # C L S A ~ ~ ~ ~ ~ ~ ~ [ ~  $72 

90 TTG CTC GAT TTG TCi CkC i l k  TCC ATT RGC TTT TGC X44 CCk CCA GGT TTI C I G  66T TAC 
6 S S  

L  L 3 L  6 Q  S . S F  C K  P A G F L  G Y  2 4  %? : 03' 

96 T ~ C  TTT GTC iTG ~ C C  GCR TTT TTT TGG CTT TCC GTC RTC ACT CTi CAC CTI I G G  M C  ACG 
892 

F F I V , , F F  L S J . S L H L d I m 3 4  
N Q G  

102. TTC = G I  GGC TCC TCC CkC A4k CCG AhT CGC TTC TTk TIT GAG CAT CGG TTT CTi CCC I A C  
F R c s s P K A L. R F L F E P R F L ~  3 2 4  Fig. 3.  The mth gene. The full-length cDNA and i ts correspond~ng genomic 

108. AhI ICC TkT GCT TGG GGC RTC GCC iTi C I C  C I C  RCA iCk RTT ICC GTT CTG CCC CAT a C  
r T Y A li c ,, A J 'I L G . Y L A D r 3 4 4  segment. (A)  Cenomic DNA. Restriction enzyme sltes: E, Eco RI; P, Pst I; Sa, - 

-14. i l C  GTG GAh AhC CAG GAT TCC M T  CCT CGT GTG GGC CAC CRC CGA CAC TGT I C C  AT4 IiI - r r ,- ., , - A - 3 6 4  Sac I, Sm, Sma I; X, Xba I. Boxes ind~cate exons, hatched boxes, the open 
12-1 ICT Chh GCC I G C  ICR CCC ATG CTC TIC TTT TAC iCT CCR i l ' r GTk TIT C I I  iTT GCC TTT 

T P A , . rn r. - rn . 6C reading frame The P-element inser t~on site IS Indicated by an arrow. The 
-261 a C  iTk ACC ATG ITC RTC CTC ACC G C I  a G  CGT ATA TTA CCR GTC AhC Ahi CAC ATT CAG 

r . - A I A - I plasmid rescue clones, 44P1 and 44E1, represent, respectively, upstream 
132. AhC TTT GCG CAC AGG CAA GAG AGA AhC C k G  M G  C I G  . U C  TCC CRC A4k CAG ACT TRC RCC 

A ; , . . 4 2 4  and downstream fragments relative t o  the  P-element The structure is 
. fl TTC TTC CTR CCG CTC TTC ATC ATT ATG LGA TTL TLL  Tic RSC TTC SRi RTR CCC TCL Ti 

I I , Li dr'i 
based on  the genomlc sequence derived f rom P I  plasmid DS06692 o f  the 

-441 TTT TCG Chh TCC hhC Chh ACT TCC GCC M C  LTC TTT. CTG iTi CCT iAC TAT TTi aT. TGG 
F S Q S  Q m  v F L  A D Y L \  C 5 i  

BDCP. (B) Complementary DNA and protein sequence Numbers are 
-*I TCT c a  GGA A-c ATC i~i TIT i ~ i  CTG TTC CTT CTC m i  CGC ~ G C  ACG TCG AGA CTC TT- 

S P G I I I F  F ~ i R S T l ~ R d ~ C 6 C  
indicated at the  left  and right, respectively. The putative leader peptide 

1 6.  CkG 646 i G C  ATT i G G  CGC CRC CiT 646 GAG LTA a C  M C  ACT CRC ihh GAG RTT TCG Tll  
Q - s I R i ; G - ; v  P 5 Z C C 1 S i " i  

sequence IS in  boldface, TM domains are underlined. The polyadenylation 
lC2. G L a  .*C RCC ACG ACR CCR i?T iTC CTi TTi TAG 

fi - -  m R \ l I ' d '  
site IS boxed. The sequence IS derived f rom LD08316 o f  the  BDCP. (c) 

1 56 G;.CCAT C T L ~ I T ~ C R C G A G G A G T ~ T C A ~ ~ ~ ~ ~ ; . ~ A G R T C T A T G G C ~ G T C G T A T T ~ C C G T G ~ ~ ~ ~ ~ ~ ~  CT +, Hydropathic profile o f  the  conceptual MTH protein, analyzed by the  
. . ~ T n ~ ~ r C A C G G L ~ C T C i C C R T T G G C T T O ~ ~ G C T G T i ? T i ? ~ T A T 4 T C T T T G T A T ~ T T i T T S T i T T C S S C ~ A T ~ ~ h  
-312 TA>CCCTTTCTGTATATCACTTTT TT-A T A T T ( ~ C T ~ ? C T .  ~ G ~ T G G A T T T L ~  I C C G T T T I T T ~ S L ~ T .  - A Kyte-Doolittle a lgor~ thm (29). The seven hydrophobic regions (excluding 
1. T-TTTTTTSC~TTTGL=J-T~?T~LT L~TL=> .-h%a~%%h+~ the  NH,-term~nal, pu ta t~ve  leader pept~de) are designated. (D) Alignment 

o f  MTH w i th  several known C protein-coupled receptors. MTH protein is aligned t o  partial sequences o f  human leukocyte surface antigen CD97 
(hCD97, CenBank accession number P48960), rat a-latrotoxin receptor (rLR, U72487), and mouse epidermal growth factor module-containing receptor 
(mEMR-1, 461549). Dark shading ~ n d ~ c a t e s  identi ty, l ight shading similarity. The seven TM domains o f  MTH are indicated by l~nes  above each row. 
Consensus amino acids are cited below; s imi lar~ty is indicated by dots. Abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; 
E, Clu, F, Phe; C, Cly; H, His, I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Cln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 

A , ~ k b  , 4- 

E X X  
3, 

Sm P Sa X E 

rnology was found mainly in the TM regions. 
The NH,-terminal segment preceding the first 
TM domain was not found to share homology 
with any knoan sequence, thus diminishing the 
overall homology scores. The nzth gene appears 
to represent a previously unknown member of 
the seven-TM protein superfamily. It remains to 
be seen whether the unique 13,-terminal se- 
quence is related to the regulation of the MTH 
protein, and what the identity of its ligand (or 
ligands) might be. 

Because life-span and stress response are 
closely related, genetic screening by stress 
resistance provides an effective alternative to 
the much slower direct screening for lifetime 
(23). The ability of the 172th fly to resist various 
kinds of stress is notable because there are 
likely to exist differences in pathways of 
response to individual forms of stress. 

c 
Hydroph~llc 4 

G protein-coupled receptors are involved in 
a remarkably diverse array of biological activ- 
ities including neurotransmission; hormone 
physiology, drug response; and transduction of 
stimuli such as light and odorants (24). Our 
data suggest that MTH is a GPCR involved in 
stress response and biological aging. By regu- 
lating an associated G protein and thus its 
downstream pathway, the normal 1~2th gene may 
maintain homeostasis and metabolism, playing 
a central role in modulating molecular events in 
response to stress. The pre-adult lethality of the 
null alleles demonstrates that at least some ac- 
tivity of the nzth gene is essential for sunrival. 
When mutated; the intermediate level of ex- 
pression of a hypomorphic allele might adjust 
response to stress in a way that is more favor- 
able for sunrival, whereas h l l  expression of the 
normal gene exceeds the optimum value. The 

2- 

44P1 
44E1 

delicate balance among the embryonic lethality 
of a null allele, enhanced longevity of a hypo- 
morphic allele, and the normal wild phenotype 
suggests that the level of n~th gene expression is 
an important component of the system control- 
ling life-span Investigation of the gene's func- 
tion and associated pathways should lead to 
better understanding of mechanisms relevant to 
aging. 
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Cardiovascular Failure in Mouse 
Embryos Deficient in VEGF 

Daniel J. Dumont,"? Lotta Jussila," Jussi Taipale," 
Athina Lymboussaki, Tuija Mustonen, Katri Pajusola, 

Martin BreitmanJ Kari Alitalog 

Vascular endothelial growth factor (VEGF) is a key regulator of blood vessel 
development in  embryos and angiogenesis in adult tissues. Unlike VEGF, the 
related VEGF-C stimulates the growth of lymphatic vessels through its specific 
lymphatic endothelial receptor VEGFR-3. Here it is shown that targeted inactiva- 
tion of the gene encoding VEGFR-3 resulted in defective blood vessel devel- 
opment in early mouse embryos. Vasculogenesis and angiogenesis occurred, but 
large vessels became abnormally organized with defective lumens, leading t o  
fluid accumulation in the pericardial cavity and cardiovascular failure at embryonic 
day 9.5. Thus, VEGFR-3 has an essential role in the development of the em- 
bryonic cardiovascular system before the emergence of the lymphatic vessels. 

Disruption of VEGF or either of its two recep- 
tors VEGFR-1 (Flt-1) or VEGFR-2 (Flk-1) 
results in early embryonic death because of 
a failure of blood vessel development (1-4). 
The related placenta growth factor (PlGF) and 
VEGF-B signal through VEGFR-1 (5), where- 
as VEGF-C and VEGF-D can use both 
VEGFR-3 and VEGFR-2 for signaling (68). 
The expression of VEGFR-3 (Flt4) starts dur- 
ing mouse embryonic day (E) 8 in developing 
blood vessels but becomes largely restricted to 
the lymphatic vessels after their formation (9). 

To analyze the biological role of VEGFR-3, 
we generated mice lacking a functional gene 
encoding VEGFR-3 by a knock-in strategy in 
which the bacterial @-galactosidase gene (LacZ) 
was placed in the frst  coding exon under the 
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control of the transcriptional regulatory se- 
quences of VEGFR-3, deleting the beginning of 
the protein-coding region (Fig. 1) (10). The 
P-galactosidase (@-Gal) marker allows analysis 
of the pattern of VEGFR-3 gene expression in 
the gene-targeted mice. 

Heterozygous mice and embryos appeared 
phenotypically normal. and the P-Gal expres- 
sion in their tissues was consistent with that 
observed in VEGFR-3 in situ hybridization 
analysis of tissue sections (9) For example, 
large perlcardial lymphatic vessels were detect- 
ed in mhole-mount stailling of the heart of a 
newbol~l VEGFR-3+ - mouse (Fig 2A), 
whereas only blood ~essels  mere stained m a 
s~milar analysis of Tie-1+ mice (II), mhich 
express P-Gal in endothelial cells (12) The 
stamed vessels did not contaiil erythocytes in 
sections of neaborn slan, confirming thelr lym- 
phatic nature (Fig 2B) Also in E l4  5 embryos, 
the developing lymphatic netnork of the skm 
mas strongly stamed. for example. around the 
de\ elopmg ear (Fig 2C) At E l3  0, the expres- 
sion was most p l o m ~ e n t  111 enous sacs in the 
jugular and mesonephric regions and their sur- 
rounding vessels, supporting Sabin's theory on 
the origin of the frst lymphatic vessels (13) 
(Fig. 2D). 

To date, no live-born VEGFR-3-'  mice 
have been found. To determine the onset of 
embryonic lethality, we isolated embryos at 
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