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The results of recent molecular biological studies of aging
and longevity confirmed substantial genetic contribution
to the life span. The analysis of these findings showed sub-
stantial role of specific mutations in genes involved in reg-
ulatory processes on both the extra- and intracellular lev-
els. We suggest that difference in responses of intact and
mutant animals to the same set of environmental signals
may be useful to clarify contribution of organism-environ-
ment interactions into the rate of aging, mortality and
longevity of respective organisms. In our opinion such clar-
ification is important for better understanding the origin of
natural senescence and its dependence on external condi-
tions.
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Almost all tissues in adult organisms are continuously
degraded and become rebuilt at the cellular and /or molec-
ular level. With aging, this delicate balance becomes shift-
ed in favor of degradation along with deceleration of protein
and cell turnover. These events can render the bodies less
reliable, more frail and prone to age-related morbidity and
mortality — the main features of senescence. The reason of
such imbalance and turnover deceleration constitutes the
central question of gerontology.

The most commonly used free radical theory and
telomere /telomerase hypothesis of aging are failed to
explain non-pathological senescence. Telomerase activity
was found in all stem-like somatic cells and age does not
significantly alter the capacity for telomerase induction in
such kind of somatic cells as human lymphocytes [42, 86].
Hence, the pure telomere shortening hypothesis of aging
meets some difficulties and has to be modified. Moreover,
recent studies have implicated reactive oxygen species
(ROS) as the natural second messengers along with
cAMP, Ca?*, and phospholipid metabolites contributing
to signal transduction from membrane receptors of extracel-
lular signaling ligands to intracellular systems involved in
gene transcription control (see reviews [25, 94]). The rate
of ROS generation in cells is under strict control of several
hormones, cytokines, and growth factors. Therefore uncon-
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trolled antioxidant therapy will also inhibit essential cellular
functions [47].

For these reasons up to now the following classic state-
ment of G. Williams remains topical — «It is indeed
remarkable that after the seemingly miraculous feat of mor-
phogenesis a complex metazoan organism should be unable
to perform the much simpler task of merely maintaining
what is already formed» [100]. We want to call attention to
a possible answer on aforementioned question by means of
some theoretical approaches based on the intrinsic (genet-
ic) and extrinsic (environmental) influences on aging and
longevity.

Genetic/environmental influences
on aging and longevity

The interplay of genetic makeup and environmental
influences is known to be complex, with important and
sometimes irreversible consequences for the development
and maintenance of living beings' phenotypes. Therefore
fundamental to evolutionary biology is the tendency for
organisms to become increasingly adapted to those environ-
ments to which they are most commonly exposed [75, 76].

The detection and processing of environmental cues
just as the adequate response to these signals are crucial for
the survival of the individual. It is thus not surprising that a
large number of different tissues and organs belonging to
physiological systems are adjusted to the most probable
range of natural environmental pressure characterizing
selected ecological niche. This is because organism reacts
as a whole on a set of external influences by means of cer-
tain changes in numerous regulatory systems at the physio-
logical levels as well as via some changes in signal trans-
duction pathways at the cellular level. Part of such changes
may, in principle, modify the aging pattern according to
concrete circumstances. For this reason study of natural
aging process by means of observation or investigation of
animals in captivity as well as human beings in highly com-
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fortable conditions would be both artificial and potentially
misleading [20, 33].

Recent findings emphasize the importance of signaling
in the regulation of life history traits. This opens an oppor-
tunity to modulate organisms’ aging and life span without
changing environmental conditions towards more adequate
ones in laboratory experiments. Such modulation may be
important in the cases when it is difficult or impossible to
create experimental conditions adequate to minimal (possi-
bly near zero) aging rate.

In fact, modified products of properly mutated genes
involved in regulatory control circuits can (in some cases)
faulty transform inadequate external cues of artificial exper-
imental conditions to the regular reaction of an organism on
the quite natural environment. The latter may favor the life
span extension by means of aging deceleration and/or an
increase in stress resistance.

In this paper we outline around fifty such kind of genes
the modified products or overexpression of which extends
longevity of laboratory reared worm Caenorhabditis elegans
and offer most plausible explanation of the phenomenon. In
the second paper on this topic we describe life span extend-
ing mutations in budding yeast Saccharomyces cereviseae
(23 genes), fruit fly Drosophila melanogaster (12 genes)
and domestic mice Mus musculus (6 genes).

Pertinent modified genes of nematode

Round worm nematode Caenorhabditis elegans was a
first laboratory entity with significantly extended life span
due to mutation in some genes [28, 54]. The first mutated
genes were age-] which extends life span around 70%
[28], and daf-2Z which doubles life span of animals with
this mutation [54]. The products of these genes belonged
to the highly conserved insulin/IGF-1 signal transduction
pathway. Since then there were found around half hundred
genes (of roughly 600 °C. elegans genes) modifications of
which reliably extend life span. These gene modifications
were picked up from available publications and Internet
databases such as SAGE KE and Corresponded to the dif-
ferent control pathways. They are represented alphabetical -
ly in Table 1.

Below we briefly outline these gene
modifications:

age-1 or daf-23 (mutation) — encodes PI-3-kinase
(catalytic subunit-p110) of insulin-like growth factor signal
transduction pathway. Recessive allele increases life span up
to 70—100% in axenic culture [2, 68, 78]. Mutant is
dauer constitutive [36] displays lower low brood size and
increased embryonic lethality [93]. age-1 mutants also have
elevated levels of superoxide dismutase and catalase activi-

ties [97].
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Table 1
Life span extension in C. elegans via genetic modification

Involved genes Life span extension References
in percents
1. age-1 (mutation) 100% [28, 68, 98]
2. age-2 (mutation) 15-20% [102]
3. ceinsulin-1 (mutation) 30-40% [52]
4. che-2 (mutation) 50% [6]
5. che-3 (mutation) 50-100% [6]
6. che-11 (mutation) 40% [6]
7. che-13 (mutation) 40% [6]
8. clk-1 (mutation) 30% [58]
9. clk-2 (mutation) 12-25% [58]
10. clk-3 (mutation) 24-37% [58]
11. daf-2 (mutation) 100% [54]
12. daf-6 (mutation) 50% [6]
13. daf-9 (mutation) 52-74% [32, 48]
14. daf-10 (mutation) 60% [6]
15. daf-12 (mutation) 9,2% [32]
16. daf-16 (overexpression) 20% [40]
17. daf-19 (mutation) 50% [6]
18. daf-21 (mutation) 50% [61]
19. daf-28 (mutation) 10-15% [66]
20. des (mutation) 60% [41]
21. eat-1 (mutation) 10-30% [59]
22. eat-2 (mutation) 20-30% [59]
23. eat-3 (mutation) 10% [59]
24. eat-6 (mutation) 15-40% [59]
25. eat- 13 (mutation) 30% [59]
26. eat- 18 (mutation) 15-60% [59]
27. ef-2-k (mutation) 25-30% [72, 81]
28. glp-1 (mutation) 30% [7]
29. gro-1 (mutation) 29% [59]
30. hg25 (mutation) 13-17% [103]
31. hg96 (mutation) 26-15% [103]
32. hg246 (mutation) 17-29% [103]
383. INS human (overexpression) 25% [78]
34. ins-1 (overexpression) 25% [78]
35. isp-1 (mutation) 60-100% [23]
36. mec-8 (mutation) 60% [6]
37. mes-16 (mutation) 60% [7]
38. osm-1 (mutation) 40% [6]
39. osm-3 (mutation) 100% [6]
40. osm-5 (mutation) 100-150% [6]
41. osm-6 (mutation) 40% [6]
42. pdk-1 (mutation) 60% [74]
43. pgl-1 (mutation) 35% [7]
44. rad-8 (mutation) 30% [46]
45, sir-2.11 (overexpression) 50% [92]
46. spe-10 (mutation) 20% [22]
47. spe-26 (mutation) 60% [69]
48. tax-4 (mutation) 100% [6]
49. tkr-1 (overexpression) 40-100% [70]
50. unc-4 (mutation) 100% [30]
51. unc-13 (mutation) 150% [30]
52. unc-26 (mutation) 30-50% [59]
53. unc-31 (mutation) 70-150% [2, 30]
54. unc-32 (mutation) 170% [30]
55. unc-64 (mutation) 70-150% [2, 30]
56. unc-76 (mutation) 50% [30]



A.V.Khalyavkin, A.l.Yashin

age-2 (mutation) — gene function unknown. Gene has
not been mapped or cloned. Mutation increases life-span
by approximately 15—20% [102]. A Gompertz analysis
suggests that mutation extends life span by reducing the
initial mortality rate. An age-I age-2 double mutant strain
lives longer than either single mutant and exhibits a longer
life-span at 25 °C than at 20 °C. Mutant exhibits normal
motility and reduced fertility [102].

ceinsulin-1 or ins-18 (mutation) — encodes insulin-
like ligand predicted to bind DAF-2 [37]. Homologue of
mammalian insulin /insulin-like growth factor [52]. RNAI
mutants display an increased life span of around 30—40%
[52]. RNAI animals are slow growing but do not display
any dauer phenotypes [52].

che-2 (mutation) — encodes so-called WD40 (or
beta-transducin) repeats involved in a wide variety of
important protein/protein interactions [29]. Loss of func-
tion mutants extend life span up to 50% [6]. Mutants are
chemotactic defective, slightly small and defective for
osmotic avoidance. Ciliated neurons have abnormal stunt-
ed ultrastructure. Mutants are dauer defective [77, 96].

che-3 (mutation) — encodes cytosolic dynein heavy
chain. Required for proper structure of sensory cilia [99].
Loss of function extends life span 50-100% depending on
the allele. Life span extension is suppressed by daf-16 [6].
Mutants have defective sensory neurons [34, 77] and are
defective in dye filling [77, 87]. Mutants are dauer defec-
tive [96].

che-11 (mutation) — gene not cloned. Loss of func-
tion increases life span up to 40% [6]. Mutants are dye fill-
ing defective, defective in osmotic avoidance and dauer for-
mation, and have irregular amphid cilia [77].

che-13 or che-9 (mutation) — gene not cloned. Loss
of function mutation increases life span up to 40% [6].
Mutants are dye filling defective and have severely short-
ened axones and ectopic assembly of ciliary structures and
microtubules in many sensory neurons; mutants are defec-
tive in osmotic avoidance and dauer defective [77].

clk-1 (mutation) — encodes protein required for
ubiquinone biosynthesis [50]. Has strong similarity to the
human ubiquinone biosynthesis protein COQ7 / CLK-1.
Loss of function mutation increases adult life span by 30%.
Mutation of both clk-1 and daf-2 results in a nearly 5-fold
(500%) increase in life span [58]. Mutations in clk-1 are
highly pleiotropic resulting in an average lengthening of
embryonic development, post-embryonic development, and
adult rhythmic behaviors such as defecation, swimming,
and pharyngeal pumping [101]. Overexpression increases
mitochondrial activity and shortens life span [26]. clk-1
mutants require a dietary source of coenzyme Q [49].

clk-2 or rad-5 (mutation) — encodes homologue of S.
cereviseae protein TELZ2. Involved in regulating telomere

length [12, 62] and DNA damage response [1]. At 20 °C,
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development is slowed down and adult life span is extend-
ed by 12%. At 18 °C by 25% [58]. Mutant shows slow
growth and rhythms similar to clk-1. Profound maternal
and zygotic rescue. Mutation is embryonic lethal at 25 °C
and results in some lethality at all temperatures [58].
Mutation of clk-Z affects telomere length. One report
states that clk-2 mutation results in shorter telomeres [62];
however a second report contradicts this and claims that
mutation of clk-2 results in elongated telomeres while over-
expression shortens telomeres [1]. Recently, CLK-2 was
found to be identical to RAD-5, a DNA damage check-
point protein.

clk-3 (mutation) — function unknown. Gene has not
been cloned. At 20 °C, development is slowed down and
adult life span is extended by 24%. At 18 °C — by 37%
[58]. Mutant shows slow growth and rhythms similar to
clk-1. Profound maternal and zygotic rescue [58].

daf-2 (mutation) — encodes insulin-like / IGF-1
tyrosine kinase receptor [56]. Mutation of daf-2 increases
life span more than 100% [54]. Mutation of daf-2 in com-
bination with a mutation of daf-12 results in a nearly 300%
increase in life span. [60]. daf-2 mutants are dauer consti-
tutive [80] and display reduced brood size [31, 93]. daf-2
mutants synergize with germ line ablation for life span [44]
and also show synergy with clk-1 mutants for life span [58].
All phenotypes of daf-2 are suppressed by mutation of
daf-16 [24, 31, 54, 60, 93]. Mutation of daf-2 also
results in increased expression of SOD-3, the Mn-super-
oxide dismutase [43].

daf-6 (mutation) — gene not cloned. Loss of function
extends life span up to 50% [6] Mutants are dauer defec-
tive, chemotaxis defective, osmotic aviodance (osm), males
mate poorly and mutants are dye filling defective [77].
Mutants have defective sheath cells causing the amphid and
phasmids pores to be closed.

daf-9 (mutation) — encodes cytochrome P450 relat-
ed to vertebrate steroidogenic hydroxylases [35, 73]. Some
mutations of daf-9 increase life span to 52% [32] or even
to 74% [48]. Sensory neurons, hypodermis and somatic
gonadal cells expressing daf-9 identify endocrine tissues
[32]. Mutants are dauer defective, have abnormal repro-
ductive development and molting defects [32, 48].

daf-10 (mutation) — gene not cloned. Loss of func-
tion mutation increases life span up to 60% [6]. Mutants
are dauer defective, dye filling defective, octopamine defi-
cient and have abnormal chemotaxis and osmotic avoid-
ance. Mutants also display abnormal sensory anatomy,
especially amphidial neurons and sheath cells, and cephalic
neurons. Males do not mate [77].

daf-12 (mutation) — encodes nuclear hormone recep-
tor regulated by sterols [5]. Alone, daf-12 modestly short-
ens mean life span [31, 60], but slightly increases maximal

life span up to 9,2% [32]. DAF-9 may be a primordial



YCMNEXW FrEPOHTOJIOTMNN + 2003 « Bein. 11

sterol-metabolic enzyme and DAF-12 its sterol-regulated
nuclear receptor partner [32]. Like daf-9 daf-12 mutants
have similar larval defects. Activity of daf-12 is daf-9 reg-
ulated and hormonally specified [5].

daf-16 (overexpression) — encodes Forkhead tran-
scription factor [63]. Loss of function allele shortens life
span. Some alleles have life span equal to wild type. daf-16
is required for life span extension by mutation of daf-2 or
age-1 [54]. Overexpression of daf-16 modestly increases
life-span (~20%) [40]. daf-16 mutants are dauer defec-
tive [80]. Mutation of daf-16 completely suppresses all the
phenotypes of daf-2 and age-1 mutants, including life span
extension, dauer arrest, reduced fertility, and viability
defects [24, 54, 60, 93]. daf-16 mutations suppress the
long life span of the amphid neuron mutations [6]. daf-16
mutations also suppress life span extension of animals that
have a germ line ablation [44]. Sex-specific life span poten-
tial requires daf-16 [30].

daf-19 or daf-24 (mutation) — encodes RFX-type
transcription factor [88]. Loss of function increases life
span up to 50% [6]. Mutants are dauer constitutive, dye-
filling defective, and lack sensory cilia [19, 80].

daf-21 or hsp90 (mutation) — encodes an heat shock
protein 90 (Hsp90), a chaperone protein that stabilizes
many diverse protein targets [14]. daf-21 mutation is an
unusual allele and extends life span up to 50% [61], but a
null mutation is lethal [14]. daf-21(p673) mutants have an
assortment of sensory defects and reduced fertility, but oth-
erwise grow nicely in the laboratory. Genetic analysis has
indicated that daf-21 acts at the same step as daf-11
(encodes a transmembrane guanylyl cyclase) in the dauer
formation pathway [91], and daf-11 and daf-21(p673)
mutants have nearly identical defects in sensing odorants
[96]. Furthermore, the suppression of the daf-21(p673)
Daf-c phenotype by 8-bromo-cGMP suggests that the
daf-21(p673) mutation, like daf-11 mutations, reduces
cGMP levels.

daf-28 (mutation) — gene not cloned. Semi-dominant
mutation increases life span by 10-15% [66]. daf-28
mutant is dauer constitutive [67].

des (mutation) — encodes unidentified protein
involved in execution of common necrotic process in C. ele-
gans [41]. Both des(bs29) and des(bs30) mutants exhib-
it approximately 60% increase in life span [41]. A life-span
extension was similar to that observed for age-1(hx546)
mutants [ 28].

eat-1 (mutation) — gene not cloned. Loss of function
extends life span 10-30%. Life span extension is proposed
to be similar to caloric restriction [59]. Defects in pharyn-
geal feeding behavior [9].

eat-2 (mutation) — encodes nicotinic acetylcholine
receptor subunit. Loss of function extends life span 20-
30%. Life span extension is proposed to be similar to
caloric restriction [59]. cat-2 mutants can synergize with
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daf-2 mutants, but not clk-1 mutants, for life span. Life
span extension by cat-2 is not suppressed by a daf-16
mutation [59]. Defects in pharyngeal feeding behavior [9].

eat-3 (mutation) — gene not cloned. The cat-
3(ad426) allele extends life span by 10%. Life span exten-
sion is proposed to be similar to caloric restriction [59].
Defects in pharyngeal feeding behavior [9].

eat-6 (mutation) — gene not cloned. Mutations in
eat-6 extend life span by 15-40%. Life span extension is
proposed to be similar to caloric restriction [59]. Defects in
pharyngeal feeding behavior [9].

eat-13 (mutation) — not cloned. The eat-13(ad522)
allele extends life span by 30%. Life span extension is pro-
posed to be similar to caloric restriction [59]. Defects in
pharyngeal feeding behavior [9].

eat-18 (mutation) — gene not cloned. Mutations in
eat-18 extend life span by 15-60%. Life span extension is
proposed to be similar to caloric restriction [59]. Defects in
pharyngeal feeding behavior [9].

ef-2-k (mutation) — encodes a new kind of protein
kinase [83]. This enzyme phosphorylates and inactivates
eucaryotic translational elongation factor-2 (eEF-2),
inhibiting synthesis of all proteins [82, 83]. Disruption of
ef-2-k significantly increases rates of overall protein syn-
thesis and degradation in nematodes [72, 81]. It was found
(in collaboration with N. Tavernakis and M. Driscoll) that
C. elegans lacking eEF-2 kinase have significantly
(25—30%) increased both median and maximal life span
[72, 81]. Conversely, over-expression of ef-2-k in worms
shortens life span [72, 81]. These results provide the first
direct evidence that an increase in protein turnover can
retard aging and extend life span. Strikingly, eEEF'-2 kinase
activity is decreased in starved nematodes, suggesting that
up-regulation of protein synthesis via decreased eEF-2
kinase activity can contribute to the extension of life span
by dietary restriction [72, 81].

glp-1 (mutation) — encodes receptor for a germ line-
proliferation signal that is produced by the distal tip cells of
the somatic gonad [39, 55, 89]. glp-1(qu158) animals are
defective in germ line proliferation and have a life-span that
is extended about 30% relative to wild-type animals [7].
This life span extension requires daf-16. Two alleles of glp-
1 that cause over-proliferation of germ line cells, glp-
1(0z112gf) and glp-1(q485), result in a shortened life-span
[7]. In glp-1 mutants, Z2 and Z.3 generate only a few germ
cells, which enter meiosis and differentiate as sperm [8].

gro-1 (mutation) — gene not cloned. Loss of function
extends life span at 18 °C by 29% and slows growth [58].
Post-embryonic growth rate greatly reduced. Mutant has
increased resistance to heat-shock and tends to avoid bac-
terial lawn [58].

hg25 (mutation) — unknown gene from the heat-
shock-resistant mutant strain HG25 [103]. The median
life span of HG25 was 13% longer than that of the wild-
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type strain N2 (P<0,025). The maximum life span of
HG25 was 17% longer than that of the wild-type strain N2
[103]. Mutant has a normal appearance with normal loco-
motive, feeding and mating behavior and a same fertility
[103].

hg96 (mutation) — unknown gene from the heat-
shock-resistant mutant strain HG96 [103]. The median
life span of HG96 was 26% longer and the maximum life
span of HG96 was 15% longer than that of control [103].
Mutant has a normal appearance with normal locomotive,
feeding and mating behavior but exhibits lower fertility than
the wild-type [103].

hg246 (mutation) — unknown gene from the heat-
shock-resistant mutant strain HG246 [103]. The median
life span of HG96 was 17% longer and the maximum life
span of HG96 was 29% longer than that of control [103].
Mutant has a normal appearance with normal feeding
behavior but develops more slowly and exhibits lower fertil-
ity than the wild-type [103].

INS or Human Insulin (transgene overexpression) —
this transgene encodes human insulin. Expression of human
insulin under an inducible heat shock promoter increases
worm life span by 25% [78] Can also enhance the life span
extension of a daf-2 mutant [78].

ins-1 (overexpression) — encodes insulin-like protein
[78]. Increased dosage of ins-1 under its own promoter as
well as a heat shock promoter increases life span by 25%
[78]. Can also enhance the life span extension of a daf-2
mutant [78]. Overexpression of ins-1 also causes an
increase in dauer formation [78]. Can also enhance dauer
formation of a daf-2 mutant [78].

isp-1 (mutation) — encodes iron-sulfur protein of
mitochondrial complex III. Mutation of isp-1 results in
reduced oxygen consumption and increased resistance to
oxidative stress. This mutation leads to 60% increase in
mean life-span and 100% increase in maximum life-span.
An isp-1 daf-2 double mutant has a life-span that is longer
than either single mutant, but the life span extension of the
double mutant is not additive relative to each single mutant
[27].

mec-8 (mutation) — encodes RNA-binding protein
splicing factor. Regulates alternative splicing of unc-52
[65]. Recessive loss of function allele extends life span by
60% [6]. Mechanosensory defective. Defective dye filling
of sensory neurons [64].

mes-16 (mutation) — encodes protein required for
early asymmetric divisions of the germ line [13]. mes-
1(bn7) animals that lack germ cells have a life-span that is
extended by approximately 60% compared to mes-1(bn7)
animals that are fertile [7]. This life-span extension
requires daf-16. Homozygous mes-1 mutant progeny from
homozygous mutant mothers are sterile [17].

osm-1 (mutation) — sequence not available. Loss of
function mutation increases life span up to 40% [6].
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Mutants are defective in chemotaxis, dye filling and dauer
formation. Mutants also have short axonemes and ectopic
assembly of ciliary structures and microtubules in many
sensory neurons [77].

osm-3 (mutation) — encodes kinesin motor domain.
Required for dauer formation [96], and mediates osmotic
avoidance and chemotaxis [89]. Recessive loss of function
alleles can extend life span. Life span extension suppressed
by gonad ablation but not germ line ablation [6]. Mutants
do not form dauers in response to starvation [96]. Mutants
have defective cilia [96] and are defective in chemosensory
response and chemotaxis [89].

osm-5 (recessive) — encodes member of the TPR
family. Required for dauer formation and recovery [66,
96]. Loss of function can increase life span 100—150%
[6]. In addition to being dauer defective, loss of function
mutants are chemotaxis defective [11]. and dye filling
defective [87]. Dauer defective phenotype is suppressed by
daf-2 [96].

osm-6 (mutation) — gene function required for dauer
formation and recovery [66, 96]. Loss of function mutation
increases life span up to 40% [6]. In addition to being
dauer defective, loss of function mutants are chemotaxis
defective [11, 21] and dye filling defective [19]. They have
extremely shortened axonemes, ectopic assembly of ciliary
structures and microtubules in many sensory neurons [77].

pdk-1 (mutation)
Required to prevent dauer arrest [74]. Loss of function
alleles extend life span by 60% [74]. Mutants are dauer
constitutive and a gain of function allele can suppress age-1

Serine /threonine kinase.

dauer constitutive phenotype [74]. Dauer constitutive phe-
notype of pdk-1(sa680) is suppressed by daf-16 [74].

pgl-1 (mutation) — encodes component of germ line
P-granules. pgl-1(bn101) animals that are sterile have a
life-span that is approximately 35% longer than wild type
animals. Fertile pgl-1(bn101) animals have a wild type life-
span [7]. PGL-1 is required for fertility and proliferation of
germ line cells [53].

rad-8 (mutation) — gene not cloned. Mutation of
rad-8 increases life span by approximately 30% [46]. rad-
8 mutants are hypersensitive to UV radiation, but not X-
rays or MMS [38].

sir-2.1 (overexpression) — encodes homolog to
NAD-dependent histone deacetylases from S. cerevisiae
and M. musculus [45]. Multi-copy array extends life span
by up to 50% [92]. Life span extension by multi-copy
array acts in the insulin-like signaling pathway: it is sup-
pressed by a mutation in daf-16, does not synergize with
daf-2 and synergizes with the TGF-b mutations for dauer
formation [92]. Overexpression of yeast homolog, SirZp,
extends replicative life span in S. cerevisiae [51].

spe-10 (mutation) — gene not cloned. Mutation of
spe-10 results in a 20% increase in mean life span on solid
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media [22]. Mutants have a temperature sensitive defect in
sperm development [85]. Life span correlates with thermo-
tolerance and UV resistance [22].

spe-26 (mutation) — encodes Kelch family (actin
binding) protein. Required for normal spermatogenesis
[95]. Loss of function extends life span by 60% [69].
Mutants show reduced fertility [95] and increased resis-
tance to UV radiation and temperature [69].

tax-4 (mutation) — encodes protein which forms het-
eromeric cyclic nucleotide-gated channel along with Tax-2
[18]. Recessive, loss of function allele can increase life span
up to 100%. Life span extension is suppressed by daf-16
and gonad ablation [6]. Mutants are thermotaxis and
chemotaxis defective [11, 57]. Mutants are slightly dauer
constitutive and form dauers at 27 °C [18].

tkr-1 or old-1 (overexpression) — encodes tyrosine
kinase receptor [70]. Overexpression increases life span
40-100% [70]. Overexpression causes increased resis-
tance to heat and UV irradiation but does not affect fertil-
ity or development [70]. Transcription of old-1 is increased
in age-1 and daf-2 mutants [71]. old-1 is transcriptionally
regulated by daf-16 [71].

unc-4 (mutation) — encodes neuronal homeodomain
transcription factor. Mutation has no significant effect on
hermaphrodite life span [59]. Life span of unc-4(e120)
males is extended relative to hermaphrodites approximately
2-fold [30]. Mutants are uncoordinated [16].

unc-13 (mutation) — encodes factor involved in
synaptic transmission [79]. Mutation increases male life
span approximately 150%. No effect on hermaphrodite life
span [30]. Mutants are uncoordinated [16].

unc-26 (mutation) — gene not cloned. Mutations in
unc-26 extend life span by 30—50%. Life span extension
is proposed to be similar to caloric restriction [59].
Mutants are uncoordinated, slow and have defects in pha-
ryngeal pumping [9, 16].

unc-31 (mutation) — gene unknown. Homolog of ver-
tebrate CAPS, a calcium binding protein required for exo-
cytosis [4]. Increases hermaphrodite life span by approxi-
mately 70% and increases male life span by 150% [2, 3,
30]. Mutants are uncoordinated [16] and exhibit a dauer
constitutive phenotype [2]. Mutant worms are lethargic,
feed constitutively, are defective in egg-laying, and produce
dauer larvae that fail to recover [9].

unc-32 (mutation) — encodes vesicular AT Pase alpha
subunit. Increases male life span about 170%. No effect on
hermaphrodite life span [30]. Mutants are uncoordinated
[16].

unc-64 (mutation) — encodes syntaxin homolog that
interacts with synaptobrevin [84]. Mutation increases her-
maphrodite life span by approximately 70% and increases
male life span by 150% [2, 3, 30]. Mutants are uncoordi-
nated [16] and exhibit a dauer constitutive phenotype [3].
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unc-76 (mutation) — encodes FEZ family protein.
Involved in axon-axon interactions. unc-76(e911) allele
extends male life span approximately 50%. No effect on
hermaphrodite life span [30]. Mutants are uncoordinated
[23].

It is easy to see from the foregoing sketch of mutations
that the most of these genes encode products which are
involved in the intracellular signal transduction pathways as
well as in the extracellular parts of physiological control sys-
tems of an organism. They can accept, process and trans-
duce environmental signals into appropriate organism-wide
physiological, behavioral, morphogenetic, reproductive and
other system responses. Besides some of these genes are
directly involved in regulation of defense mechanisms. For
example, antioxidant enzyme activities are under strict hor-
monal control [15], which in turn highly depend on exter-
nal influences.

Conclusion

The outline of above life-extending gene modifications
in model animals led us to the most plausible conclusion
that these long-lived laboratory mutants partially resemble
many features of genetically normal animals made long-
lived by means of positive environmental influences. It may
be so due to 'useful' distortion in the signal pathways of
mutants living in favorite and artificial laboratory condi-
tions. These conditions usually lead to accelerated aging
and deadaptation of living beings.

The studies of such genetic modifications are important
as they provide a unique view on the mechanisms of life
span determination. They may also shed light on possible
range of plasticity for both the rate of aging and stress resis-
tance — the two areas of research that are crucial in under-
standing of the nature of longevity and mechanisms of its
modulation by external and internal factors.

Acknowledgements

We are thankful to all members of the Laboratory of
Advanced Statistical Methods at the Max Planck Institute for
Demographic Research (MPIDR) for valuable comments.
A.V. Khalyavkin thanks James W. Vaupel for the opportunity
to complete this research at the MPIDR. This work was partly
supported by NIH /NIA grant PO1 AG08761.

References

1. Ahmed S., Alpi A., Hengartner M.O., Gartner A. C. elegans
RAD-5/CLK-2 defines a new DNA damage checkpoint protein //
Curr. Biol.-2001.—Vol. 11.—P. 1934-1944.

2. Ailion M., Inoue T., Weaver C.I. et al. Neurosecretory con-
trol of aging in Caenorhabditis elegans // Proc. Natl. Acad. Sci.
USA.—1999.—Vol. 96.—P. 7394-7397.

3. Ailion M., Thomas J.H. Dauer formation induced by high
temperatures in Caenorhabditis elegans // Genetics.—2000.—
Vol. 156.—P. 1047-1067.



A.V.Khalyavkin, A.l.Yashin

4. Ann K., Kowalchyk J.A., Loyet K.M. Martin T.F. Novel
Ca?*-binding protein (CAPS) related to UNC-31 required for
Ca?*-activated exocytosis // J. Biol. Chem.—1997.—Vol. 272.—
P. 19637-19640.

5. Antebi A., Yeh W.—H., Tait D. et al. daf-12 encodes a
nuclear receptor that regulates the dauer diapause and devel-
opmental age in C. elegan // Genes Dev.—2000.— Vol. 14.—P.
1512-1527.

6. Apfeld J., Kenyon C. Regulation of lifespan by sensory
perception in Caenorhabditis elegans // Nature.—1999.—Vol.
402.—P. 804-809.

7. Arantes-Oliviera N., Apfeld J., Dillin A., Kenyon C.
Regulation of life-span by germ line stem cells in Caenorhabditis
elegans // Science.—2002.—Vol. 295.—P. 502-505.

8. Austin J., Kimble J. glp-1 is required in the germ line for
regulation of the decision between mitosis and meiosis in C. ele-
gans // Cell.—1987.—Vol. 51.—P. 589-599.

9. Avery L. The genetics of feeding in Caenorhabditis ele-
gans // Genetics.—1993.—Vol. 133.—P. 897-917.

10. Avery L., Bargmann C.l.,, Horvitz H. R. The
Caenorhabditis elegans unc-31 gene affects multiple nervous
system- controlled functions // Genetics.—1993.—Vol. 134.—P.
455-464.

11. Bargmann C.I., Hartwieg E., Horvitz H.R. Odorant-selec-
tive genes and neurons mediate olfaction in C. elegans // Cell.—
1993.—Vol. 74.—P. 515-527.

12. Benard C., McCright B., Zhang Y. et al. The C. elegans
maternal-effect gene clk-2 is essential for embryonic develop-
ment, encodes a protein homologous to yeast Tel2p and affects
telomere length // Development.—2001.—Vol. 128.—P.
4045-4055.

13. Berkowitz L.A., Strome S. MES-1, a protein required for
unequal divisions of the germline in early C. elegans embryos,
resembles receptor tyrosine kinases and is localized to the
boundary between the germline and gut cells // Development.—
2001.—Vol. 127.—P. 4419-4431.

14. Birnby D.A., Link E.M., Vowels J.J. et al. A transmem-
brane guanylyl cyclase (DAF-11) and Hsp90 (DAF-21) regulate a
common set of chemosensory behaviors in C. elegans //
Genetics.—2000.—Vol. 155.—P. 85-104.

15. Bolzan A.D., Brown O.A., Goya R.G., Bianchi M.S.
Hormonal modulation of antioxidant enzyme activities in young
and old rats // Exp. Gerontol.—1995.—Vol. 30.—P. 169-175.

16. Brenner S. The genetics of Caenorhabditis elegans //
Genetics.—1974.—Vol. 77.—P. 71-94.

17. Capowski E.E., Martin P., Garvin C., Strome S.
Identification of grandchildless loci whose products are required
for normal germ-line development in the nematode
Caenorhabditis elegans // Genetics.—1991.—Vol. 129.—P.
1061-1072.

18. Coburn C.M., Moril., OhshimaY., Bargmann C.I. A cyclic
nucleotide-gated channel inhibits sensory axon outgrowth in lar-
val and adult Caenorhabditis elegans: a distinct pathway for
maintenance of sensory axon structure // Development.—
1998.—Vol. 125.—P. 249-258.

19. Collet J., Spike C.A., Lundquist E.A. et al. Analysis of
osm-6, a gene that affects sensory cilium structure and sensory
neuron function in Caenorhabditis elegans // Genetics.—
1998.—Vol. 148.—P. 187-200.

20. Comfort A. The Biology of Senescence.— 3rd edition.—
New York: Elsevier, 1979.

21. Culotti J.G., Russell R.L. Osmotic avoidance defective
mutants of the nematode Caenorhabditis elegans // Genetics.—
1978.—Vol. 90.—P. 243-256.

22. Cypser J.R., Johnson T.E. The spe- 10 mutant has longer
life and increased stress resistance // Neurobiol. Aging.—
1999.—Vol. 20.—P. 503-512.

23. Desai C., Garriga G., Mclntire S.L., Horvitz H.R. A genet-
ic pathway for the development of the Caenorhabditis elegans
HSN motor neurons // Nature.—1988.—Vol. 336.—P. 638-646.

40

24. Dorman J.B., Albinder B., Shroyer T., Kenyon C. The
age-1 and daf-2 genes function in a common pathway to control
the lifespan of Caenorhabditis elegans // Genetics.—1995.—
Vol. 141.—P. 1399-1406.

25. Droge W. Free radicals in the physiological control of cell
function // Physiol. Rev.—2002.—Vol. 82.—P. 47-95.

26. Felkai S., Ewbank J.J., Lemieux J. et al. CLK-1 controls
respiration, behavior and aging in the nematode Caenorhabditis
elegans // EMBO J.—1999.—Vol. 18.—P. 1783-1792.

27. Feng J., Bussiere F., Hekimi S. Mitochondrial electron
transport is a key determinant of life span in Caenorhabditis ele-
gans // Dev. Cell.—2001.—Vol. 1.—P. 633-644.

28. Friedman D.B., Johnson T.E. A mutation in the age-1
gene in Caenorhabditis elegans lengthens life and reduces her-
maphrodite fertility // Genetics.—1998.—Vol. 118.—P. 75-86.

29. Fujiwara M., Ishihara T., Katsura I. A novel WD40 protein,
CHE-2, acts cell-autonomously in the formation of C. elegans
sensory cilia // Development.—1999.—Vol. 126.—P.
4839-4848.

30. Gems D., Riddle D.L. Genetic, behavioral and environ-
mental determinants of male longevity in Caenorhabditis ele-
gans // Genetics.—2000.—Vol. 154.—P. 1597-1610.

31. Gems D., Sutton A.J., Sundermeyer M.L. et al. Two
pleiotropic classes of daf-2 mutation affect larval arrest, adult
behavior, reproduction and longevity in Caenorhabditis elegans
// Genetics.—1998.—Vol. 150.—P. 129-155.

32. Gerisch B., Weitzel C., Kober-Eisermann C. et al. A puta-
tive hormonal signaling pathway influencing metabolism, repro-
ductive development, and lifespan in C. elegans // Dev. Cell.—
2001.—Vol. 1.—P. 841-851.

33. Gershon H., Gershon D. Critical assessment of para-
digms in aging research // Exp. Gerontol.—2001.—Vol. 36.—P.
1035-1048.

34. Gonczy P., Pichler S., Kirkham M., Hyman A.A.
Cytoplasmic dynein is required for distinct aspects of MTOC
positioning, including centrosome separation, in the one cell
stage Caenorhabditis elegans embryo // J. Cell Biol.—1999.—
Vol. 147.—P. 135-150.

35. Gotoh O. Divergent structures of Caenorhabditis elegans
cytochrome P450 genes suggest the frequent loss and gain of
introns during the evolution of nematodes // Mol. Biol. Evol.—
1998.—Vol. 15.—P. 1447-1459.

36. Gottlieb S., Ruvkun G. daf-2, daf-16, and daf-23:
Genetically interacting genes controlling dauer formation in C.
elegans // Genetics.—1994.—Vol. 137.—P. 107-120.

37. Gregoire F.M., Chomiki N., Kachinskas D., Warden C.H.
Cloning and developmental regulation of a novel member of the
insulin-like gene family in Caenorhabditis elegans // Biochem.
Biophys. Res. Commun.—1998.—Vol. 249.—P. 385-390.

38. Hartman P.S., Herman R.K. Radiation-sensitive mutants
of Caenorhabditis elegans // Genetics.—1982.—Vol. 102.—P.
159-178.

39. Henderson S.T., Gao D., Lambie E.J., Kimble J. lag-2
may encode a signaling ligand for the GLP-1 and LIN-12 recep-
tors of C. elegans // Development.—1994.—Vol. 120.—P.
2913-2924.

40. Henderson S.T., Johnson T.E. daf-16 integrates devel-
opmental and environmental inputs to mediate aging in the
nematode Caenorhabditis elegans // Curr. Biol.—2001.—Vol.
11.—P. 1975-1980.

41. Herndon L.A., Driscoll M. Contribution of cell death to
aging in C. elegans // Results and Problems in Cell
Differentiation.—2000.—Vol. 29.—P. 113-129.

42. Hodes R.J., Hathcock K.S., Weng N. Telomeres in T and
B cells // Nat. Rev. Immunol.—2002.—Vol. 2.—P. 699-706.

43. HondaY., Honda S. The daf-2 gene network for longevi-
ty regulates oxidative stress resistance and Mn-superoxide dis-



YCMNEXW FrEPOHTOJIOTMNN + 2003 « Bein. 11

mutase gene expression in Caenorhabditis elegans // FASEB
J.—1999.—Vol. 13.—P. 1385-1393.

44. Hsin H., Kenyon C. Signals from the reproductive system
regulate the lifespan of C. elegans // Nature.—1999.—Vol.
399.—P. 362-366.

45. Imai S., Armstrong C.M., Kaeberlein M., Guarente L.
Transcriptional silencing and longevity protein Sir2 is an NAD-
dependent histone deacetylase // Nature.—2000.—Vol. 403.—
P. 795-800.

46. Ishii N., Suzuki N., Hartman P.S., Suzuki K. The effects of
temperature on the longevity of a radiation-sensitive mutant rad-
8 of the nematode Caenorhabditis elegans // J. Gerontol.—
1994.—Vol. 49.—P. B117-B120.

47. Jankov R.P, Negus A., Tanswell A.K. Antioxidants as
therapy in the newborn: some words of caution // Pediatric.
Res.—2001.—Vol. 50.—P. 681-687.

48. Jia K., Alberts P.S., Riddle D.L. DAF-9, a cytochrome
P450 regulating C. elegans larval development and adult
longevity // Development.—2002.—Vol. 129.—P. 221-231.

49. Jonassen T., Larsen P.L., Clarke C.F. A dietary source of
coenzyme Q is essential for growth of long-lived Caenorhabditis
elegans clk-1 mutants // Proc. Natl. Acad. Sci. USA.—2001.—
Vol. 98.—P. 421-426.

50. Jonassen T., Proft M., Randez-Gil F. et al. Yeast Clk-1
homologue (Coq7/Cat5) is a mitochondrial protein in coenzyme
Q synthesis // J. Biol. Chem.—1998.—Vol. 273.—P. 3351-3357.

51. Kaeberlein M., McVey M., Guarente L. The SIR2/3/4
complex and SIR2 alone promote longevity in Saccharomyces
cerevisiae by two different mechanisms // Genes Dev.—1999.—
Vol. 13.—P. 2570-2580.

52. Kawano T., ItoY., Ishiguro M. et al. Molecular cloning and
characterization of a new insulin/IGF-like peptide of the nema-
tode Caenorhabditis elegans // Biochem. Biophys. Res.
Commun.—2000.—Vol. 273.—P. 431-436.

53. Kawasaki I., Shim Y.H., Kirchner J. et al. PGL-1, a pre-
dicted RNA-binding component of germ granules, is essential
for fertility in C. elegans // Cell.—1998.—Vol. 94.—P. 635-645.

54. Kenyon C., Chang J., Gensch E. et al. A C. elegans
mutant that lives twice as long as wild type // Nature.—1993.—
Vol. 366.—P. 461-464.

55. Kimble J.E., White J.G. On the control of germ cell devel-
opment in Caenorhabditis elegans // Dev. Biol.—1981.—Vol.
81.—P. 208-219.

56. Kimura K.D., Tissenbaum H.A., Liu Y., Ruvkun G. daf-2,
an insulin receptor-like gene that regulates longevity and dia-
pause in Caenorhabditis elegans // Science.—1997.—Vol.
277.—P. 942-946.

57. Komatsu H., Mori l., Rhee J.S. et al. Mutations in a cyclic
nucleotide-gated channel lead to abnormal thermosensation
and chemosensation in C. elegans // Neuron.—1996.—Vol.
17.—P. 707-718.

58. Lakowski B., Hekimi S. Determination of life-span in
Caenorhabditis elegans by four clock genes // Science.—
1996.—Vol. 272.—P. 1010-1013.

59. Lakowski B., Hekimi S. The genetics of caloric restriction
in Caenorhabditis elegans // Proc. Natl. Acad. Sci. USA.—
1998.—Vol. 95.—P. 13091-13096.

60. Larsen P.L., Albert P.S., Riddle D.L. Genes that regulate
both development and longevity in Caenorhabditis elegans //
Genetics.—1995.—Vol. 139.—P. 1567-1583.

61. Lee R., Ruvkun G. Extension of C. elegans life span by a
mutation in daf21/hsp90 // International C. elegans Meeting.—
1999.—Abstr. 524.

62. Lim C.S., Mian I.S., Dernburg A.F., Campisi J. C. elegans
clk-2, a gene that limits life span, encodes a telomere length
regulator similar to yeast telomere binding protein Tel2p // Curr.
Biol.—2001.—Vol. 11.—P. 1706-1710.

63. Lin K., Dorman J.B., Rodan A., Kenyon C. daf-16: An
HNF-3/forkhead family member that can function to double the

41

life-span of Caenorhabditis elegans // Science.—1997.—Vol.
278.—P. 1319-1322.

64. Lundquist E.A., Herman R.K. The mec-8 gene of
Caenorhabditis elegans affects muscle and sensory neuron
function and interacts with three other genes: unc-52, smu-1
and smu-2 // Genetics.—1994.—Vol. 138.—P. 83-101.

65. Lundquist E.A., Herman R.K., Rogalski T.M. et al. The
mec-8 gene of C. elegans encodes a protein with two RNA
recognition motifs and regulates alternative splicing of unc-52
transcripts // Development.—1996.—Vol. 122.—P. 1601-1610.

66. Malone E.A., Inoue T., Thomas J.H. Genetic analysis of
the roles of daf-28 and age-1 in regulating Caenorhabditis ele-
gans dauer formation // Genetics.—1996.—Vol. 143.—P.
1193-1205.

67. Malone E.A., Thomas J.H. A screen for nonconditional
dauer-constitutive mutations in Caenorhabditis elegans //
Genetics.—1994.—Vol. 136.—P. 879-886.

68. Morris J.Z., Tissenbaum H.A., Ruvkun G. A phos-
phatidylinositol-3-OH kinase family member regulating longevity
and diapause in Caenorhabditis elegans //Nature.—1996.—Vol.
382.—P. 536-538.

69. Murakami S., Johnson T.E. A genetic pathway conferring
life extension and resistance to UV stress in Caenorhabditis ele-
gans // Genetics.—1996.—Vol. 143.—P. 1207-1218.

70. Murakami S., Johnson T.E. Life extension and stress
resistance in Caenorhabditis elegans modulated by the tkr-1
gene // Curr. Biol.—1998.—Vol. 8.—P. 1091-1094.

71. Murakami S., Johnson T.E. The OLD-1 positive regulator
of longevity and stress resistance is under DAF-16 regulation in
Caenorhabditis elegans // Curr. Biol.—2001.—Vol. 11.—P.
1517-1523.

72. Nefsky B., Ryazanov A. Protein turnover and aging //
Paper for the 2nd European Congress of Biogerontology. -St.—
Petersburg, Russia.—August.—2000.

73. Nelson D. Metazoan cytochrome P450 evolution //
Comp. Biochem. Physiol.—1998.—Vol. 121.—P. 15-22.

74. Paradis S., Ailion M., Toker A. et al. A PDK1 homolog is
necessary and sufficient to transduce AGE-1 PI3 kinase signals
that regulate diapause in Caenorhabditis elegans // Genes
Dev.—1999.—Vol. 13.—P. 1438-1452.

75. Parsons P.A. Radiation hormesis: an evolutionary expec-
tation and the evidence // Appl. Radiat. Isotopes.—1990.—Vol.
41.—P. 857-860.

76. Parsons P.A. Aging: the fitness-stress continuum and
genetic variability // Exp. Aging Res.—2002.—Vol. 28.—P.
347-359.

77. Perkins L.A., Hedgecock E.M., Thomson J.N., Culotti
J.G. Mutant sensory cilia in the nematode Caenorhabditis ele-
gans // Dev. Biol.—1986.—Vol. 117.—P. 456-487.

78. Pierce S.B., Costa M., Wisotzkey R. et al. Regulation of
DAF-2 receptor signaling by human insulin and ins-1, a member
of the unusually large and diverse C. elegans insulin gene family
// Genes Dev.—2001.—Vol. 15.—P. 672-686.

79. Richmond J.E., Davis W.S., Jorgensen E.M. UNC-13 is
required for synaptic vesicle fusion in C. elegans // Nat.
Neurosci.—1999.—Vol. 2.—P. 959-964.

80. Riddle D.L., Swanson M.M., Albert P.S. Interacting
genes in nematode dauer larva formation // Nature.—1981.—
Vol. 290.—P. 668-671.

81. Ryazanov A. Gene expression, protein turnover and
aging // Paper for the Symposium on Signal Transduction
Pathway.— Bar Harbor, USA.—August 2000.

82. Ryazanov AG, Shestakova E.A, Natapov P.G.
Phosphorylation of elongation factor 2 by EF-2 kinase affects
rate of translation // Nature.—1988.—Vol. 334.—P. 170-173.

83. Ryazanov A.G, Ward M.D., Mendola C.E. et al.
Identification of a new class of protein kinases represented by
eukaryotic elongation factor-2 kinase // Proc. Natl. Acad. Sci.
USA.—1997.—Vol. 94.—P. 4884-4889.

84. Saifee O., Wei L.P., Nonet M.L. The Caenorhabditis ele-
gans unc-64 locus encodes a syntaxin that interacts genetically



A.V.Khalyavkin, A.l.Yashin

with synaptobrevin // Mol. Biol. Cell.—1998.—Vol. 9.—P.
1235-1252.

85. Shakes D.C., Ward S. Mutations that disrupt the mor-
phogenesis and localization of a sperm- specific organelle in
Caenorhabditis elegans. // Dev. Biol.—1989.—Vol. 134.—P.
307-316.

86. Son N.H., Murray S., Yankovski J. et al. Lineage-specific
telomere shortening and unaltered capacity for telomerase
expression in human T and B lymphocytes with age // J.
Immunol.—2000.—Vol. 165.—P. 1191-1196.

87. Starich T.A., Herman R. K., Kari C. et al. Mutations
affecting the chemosensory neurons of Caenorhabditis elegans
// Genetics.—1995.—Vol. 139.—P. 171-188.

88. Swoboda P., Adler H.T., Thomas J.H. The RFX-type tran-
scription factor DAF-19 regulates sensory neuron cilium forma-
tionin C. elegans // Mol. Cell.—2000.—Vol. 5.—P. 411-421.

89. Tabish M., Siddiqui Z.K., Nishikawa K., Siddiqui S.S.
Exclusive expression of C. elegans osm-3 kinesin gene in
chemosensory neurons open to the external environment // J.
Mol. Biol.—1995.—Vol. 247.—P. 377-389.

90. Tax F.E., Yeargers J.J., Thomas J.H. Sequence of C. ele-
gans lag-2 reveals a cell-signalling domain shared with Delta and
Serrate of Drosophila // Nature.—1994.—Vol. 368.—P.
150-154.

91. Thomas J.H., Birnby D.A., Vowels J.J. Evidence for par-
allel processing of sensory information controlling dauer forma-
tion in Caenorhabditis elegans // Genetics.—Vol. 134.—P.
1105-1117.

92. Tissenbaum H.A., Guarente L. Increased dosage of a sir-
2 gene extends lifespan in Caenorhabditis elegans // Nature.—
2001.—Vol. 410.—P. 227-230.

93. Tissenbaum H.A., Ruvkun G. An insulin-like signaling
pathway affects both longevity and reproduction in
Caenorhabditis elegans // Genetics.—1998.—Vol. 148.—P.
703-717.

94. Turpaev K.T. Reactive oxygen species in gene expres-
sion control // Biochemistry.—2002.—Vol. 67.—P. 339-352.

95. Varkey J.P., Muhlrad P.J., Minniti A.N. et al. The
Caenorhabditis elegans spe-26 gene is necessary to form sper-
matids and encodes a protein similar to the actin-associated
proteins kelch and scruin // Genes Dev.—1995.—Vol. 9.—P.
1074-1086.

96. Vowels J.J., Thomas J.H. Genetic analysis of chemosen-
sory control of dauer formation in Caenorhabditis elegans //
Genetics.—Vol. 130.—P. 105-123.

97. Vanfleteren J.R. Oxidative stress and aging in
Caenorhabditis elegans // Biochem. J.—1993.—Vol. 292.—P.
605-608.

98. Vanfleteren J.R., de Vreese A. The geronotogenes age-
1 and daf-2 determine metabolic rate potential in aging
Caenorhabditis elegans // FASEB J.—1995.—Vol. 9.—P.
1355-1361.

99. Wicks S.R., de Vries C.J., van Luenen H.G., Plasterk R.H.
CHE-3, a cytosolic dynein heavy chain, is required for sensory
cilia structure and function in Caenorhabditis elegans // Dev
Biol.—2000.—Vol. 221.—P. 295-307.

100. Williams G.C. Pleiotropy, natural selection and the evo-
lution of senescence // Evolution.—1957.—Vol. 11.—P.
398-411.

101. Wong A., Boutis P., Hekimi S. Mutations in the clk-1
gene of Caenorhabditis elegans affect developmental and
behavioral timing // Genetics.—1995.—Vol. 139.—P.
1247-1259.

102.Yang ., Wilson D.L. Characterization of a life-extending
mutation in age-2, a new aging gene in Caenorhabditis elegans
// J. Gerontol.—1999.—Vol. 54.—P. B137-B142.

103. Yang Y., Wilson D.L. Isolating aging mutants: a novel
method yields three strains of the nematode Caenorhabditis ele-
gans with extended life spans // Mech. Age. Dev.—2000.—Vol.
113.—P. 101-116.

Ycnexu repoHTon.—2003.-Bbin. 11.-C. 34-42
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KAK AHAJTIU3 TEHETUMECKUX MYTALMIM MOXET MOMOYb B PA3PELUEHMU
OYHAAMEHTAJIbHbIX MPOBJIEM FTEPOHTOJIOTUN? |. TEHETUMECKUE MOJUDUKALIUN,
NPOAJEBAIOLLME XXMU3Hb KPYT/bIX YEPBEM C. elegans

NHCTUTYT Buoxmmmyeckoin ouamkm PAH, Mocksa 119991, Poccus; an. noyta: ab3711@mail.sitek.ru; *MHcTtutyTt
nemorpaduyecknx uccnenoBaHmin obwectea Makca Mnaxka, Poctok 18057, Mepmanusi; an. noyta:
Yashin@demogr.mpg.de

Pe3ynbTaTbl NOCNEAHUX MONEKYNSPHO-OMONOrMYEecKUX NCCNeN0BaHN CTapeHUss U AONroneTus
NOATBEPAVAN 3HAYUTENBHOCTb FEHETUYECKOro BK1aAa B MPOOOMKUTENIbHOCTb XU3HWU. AHanM3 nmMe-
IOLLMXCS [aHHbIX BbISIBUJT CYLLLECTBEHHYIO POJIb OCOObIX MyTaLMii reHOB, NPOAYKTbI KOTOPLIX BOBEYE-
Hbl B NPOLLECChI PErynaumm kak Ha BHEKJIETOYHOM, Tak U Ha BHYTPUKNETOYHOM YPOBHSIX. Mbl npeano-
JIOXWAK, HTO Pa3HMLLA B PEAKLMAX MHTAKTHBIX U MyTaHTHBIX XKMBOTHBIX HA CXOAHbIE COBOKYMHOCTM CUT-
HasoB OKpyXaloLel cpeapl MOXeT ObiTb NonesHa Ans NPOSICHEHUS BKaAa B3auMOAeNCcTBuin opra-
HU3M—cpena B 0CO6EHHOCTU CTapeHusl, CMEPTHOCTU 1 JONFONETUSs COOTBETCTBYIOLLMX OPraHM3MOB.
Mo Hawemy MHeHuIo, NofoBHOE MPOSICHEHME BAXHO NS Jyylero NMOHUMAaHUS NMPOUCXOXAEHUS
€CTECTBEHHOI0 CTapEHNS U ero 3aBMCMMOCTU OT BHELLHUX YCNOBUIA.

KnioueBble cnoBa: NnacTMYHOCTb CTApeHUs, NPOAIEBaOLLME XM3Hb MyTaLun, BAUSIHWUE OKPYXa-

lowen cpeapl.
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