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Fig.1 Diagrams depicting the inter-tissue transduction of three longevity signaling pathways



4

AL -

Fire 25 —FloR B Sl s BRI T A A
A AL 2R, AR 7E 4L 2R 2 U 5 Tl B 1) b R
AT AR . B LR ) ol R AR B I % . i b
WEIARAME 5k B TABMES. iS5 46 B
DA Fidaf-953 i 1 26 B b Bz 21 23R 73 4 28 Y
A3 W4 2N, R Yifdaf-12/NHR Fldaf-16/FOXO1E H
1) AR F S R RN A 2R 0) e 2 ERD R W R0 T Ak 4L
2 (intestine)?"7 2R AR IE % R iE T UPR™ S 5
FFEIEARE . LR ZE T 0 2R A 1) P %
i 7 2k Wintestine ' B4 58 N i 2 5 UPR™ [ hsp-611)
FKikbA,

B I 2% 0 % i 21 A% 3 1) Uy Nz — R XA
J7 3o DRI A 40 i N B B 25 38 2% RS 1 Insulin/IGF- 14
IS 0 M b (1) 5244, Pt LA 23 ¥ Insulin/IGF-1 1 41
I BRI D\ Ay o i I 3 3 i 5 2H 234 34 )
Pio WSE, 2 U 2 AN B2 T RE S 73 W Insulink
J ik (insulin like peptide, ILP), 7 X S8 5 #2485
FAR T2 5 1l 28 N 4y W 18 5 Rlunce-31HE % 52 WILPIY)
gy Wb, Il ik daf-16/FOXOLE K T &8 HL (1) 75 ),
RN, AT A i 5% 25 00 % 1) B 2241 5%, W2 AR FIFOXO
sk W TR LT &N A A KA, B
JoE B 2 m B AR S E R TR T A 48, T
Insulin/IGF-11F Jy 3025 J2& e & 25 10 i 15 Bk 21 44 3
(R RARIEA o AE Z PR QA I 7t R A e 1,
Insulin/IGF- 1 i i e 5 2515 5 3l B oS 7 5 4k
L M FOXOH: ik 45 R 7, dE M sgmy 1 2911
gL,

5 A 2R A% 3e6 1R 5 R SO K 45 T T i
TEAN [T 2R o o Bl 0% 70 28 LW intestine BY
fh e b it L ik daf- 1 6/FOXOANE RE S 19 55 ' 1)
U Rlsod-34E X Se 20 A (2RI, 1T HIE RETH
sod-37EF [ AL ) IA W), X2 RHOR T 1E
2k Hintestine B A1 28 7o 1 I IR 5 25 45 5 m) LA 4k 14
P AR AL LR b 1) JB B 2545 5 B, AT 458 i AN 5)
V2R 5 IR, TR & ok ik
b A B B 2R A 0 B (5 A LA 4 I A

5 R B N K R E 5 AR bk v] DLR AR
TEATRN K A 45 5 38 % 2 1], RIZLZRAT K515
SR THLAB KA E Tl K2. R4l
ffJintestine T % ik daf-16/FOXO W] LATE H & it K daf-
16/FOXOMI LA 4 T dod- 1145 58 22 AH S FE N 1 22
KW, fEdaf-16(-);daf-2(—) M5 A 2 dL )+ 28 41 )i

lintestine ™ RE 7 P H Pk S daf-16/FOXOM K ik, th
A DA ] 5 R GEAR 2 1 1) 7 i, Wl IR 1900 22 40 i
intestine 1) i & 22 30 2% 15 5 RE 08 W 5 A 4L 2 R
TGS Zobi o 2 11— AN E N E S
JETEGIAMPK . #1485 76 [ AMPKAS 5 BB 75 1L
b 20 2 ARG AH DG R R R IA, $om T b ik
T R 5 B ZH 2O HAB A I35 5 R g 1o+,

IR (1) 1% BB AF 5T 4 S LA 345 5 — M2
Z ARG HE R A g HAb A UL . T
s, RACHT AN K, fEARNA 0480
AAEF P R L RE 0 A Bl o Ak P L At 4 2R 8%
1) 3 28 T8 2 Hh IR L A O 21 2R ) 5 2 P
(o SR AR I — L SR B, i 220 A e b
AN ZAG S IR E AL B R ) o 4 2R 3 2
AL N2 D B LG K A 5. TER ) #E
e, fEdaf-16(=);daf-2(=) W5 A 2 U LA 241 27
1 [B] 52 daf-16/FOXO1) 3 15 X T 75 iy W AT AT ] 1
H; fEdaf-2(-) 5848 £ BRI A 4 28 R ik daf-2/IR
WS A AT AT BLRE, R, 7 e 5 Z20m b, L
PIZH 2 — B A A e — MR IR 2. (2,
20104 Perrimon 2 5 & 78 FL b b R I, LA P s
[FJAFOXO 1] LA 45 #ilt 48 P 43 6 40 B PP ILP Y 4, I
Ik WA o 4 B BN AL I B R
AW AR G LA T ik daf-16/FOXO R LA TF
— SO TE AT DI IR 7E A 4 2P (3 TA, AEZR
JULPAL Fh s il B RS 19 49 14115 (chaperone) 5 5 18
%] L4 Hillintestine HH ) [F] 1 5 T8 B 1A 96 PE 1L
DAL, FRATTAA P S AN AL 2R A% B ] g T K 5 T8 i
ARSI % A R Z MBI WHANE S A2 E
(R
22 KEESHENEN

e T 45 5 T B A A 2D 1 A% 3o b ] DA A At
K A5 S AEAR P I 3 s R o 7, HE 5 20 445 336
(1) G0 3 2 e 20 W A M Ah K A R . IR AR
Hh, B NN T SR e M T I K T A T A s
Sro 1Y I S AR B 5 4 1 Insulin/IGFIX 25 3 44
Wk . AR L U EETLP ) 43 W v] LA 1l 4% 412
HFOXOMTE LRSS, R, RS WA B~
U A L2 AR T 750 1 FOX OIX AN Ji ) 25 3 1%
HH I R R S R, (H R AR TRIILP IR 3R 0K 5 2 WA
RENS S0 J g 4 5 & 4120 32 21000, fEmf 12K
TR BEAE R B S FURE AR KRR R —



VESCHRAE : R KA 5 Il S e IAEAN R AL i A

RE MR B TPl SRl A, A I %
R LA S DA — RIHVE R E D, Ak, &
AR/ P ORI, R b A P R R O R
(gonadotropin-releasing hormone, GnRH)&E 1 3% i 7]\
WA At B T S i SR S AR IR R AL,
S AT 4 i [R5 5 AR s 1R 1t m] DL K S
AL IR A . FE A fi (octopamine)iX — il £ 3 i
AT T ARZ TG IAMPKAE 54 He 4143 h i 4%
ARG AH DI PRI 1) AR 147 He Ak, i 8 v 1 4 e A
1 38 1 WntFINoteh /7 5 i 2 2 12F 7 )L i)
ARG 3,

3 RE

) 28 220X A0 22 (PR ) AR L, ) 3 22
PIRFAE TR T AR . ST KFEE S A2k
H BT 2 T A MR EE, MK T
S A G A ISR 784y KEEA
WA BB KA (5 5 M i e R . FLR, (5518
e 2 IAEAE R R AR . 0T A2 KA 5l
8 Q] B R A 2R AT T AR 5T A RIRI T 4R . [
IS, Ak 203 2 hk R B AL R ] e A A K AR5 5
TESK A FHIE A R B

BRI ETE Th 2 KA E S EALLIER
WA EA IS BL T, A2 R B K
B, AHE L E AR G i ANTE 2. BN, R ILAE 2
Hintestine 3% A4 (FIDAF-16/FOXO i 55 HoAth 40 41
(1) 3% 22 AH O 35 DR Rk 75 LI L Rlmde- 151012 5
mdt-15% 5 PR ¥ Ta AR, Pt DA ek e 42 0 1 4 i
K SRR & — NIRRT, (XA T
S0 A B 00T, R 20 BRG] 3 A TR B 2R 1K)
PRZE N 2 W40 I I 9, AN BEHERR B 5 25 2 M 1)
oAt 43 8 2 11 0F T R B 2% 00 5 5 7 4 23 1R 3 R
PIVE IR, e S8 2 LT, AT T il K
TS ST LLUL— T 4. AR I R AE DA G 4
LKA ES, DWW TR THF, 240%
Foor 7 AN R T I A B LA
] JL A 20 SR AT I A T 2 TE Sk, S —Tr
1T, R A 22 1) 23 4 R B AT LA S 5 0 i 20 22 1) £
G X T TH W WK TR S AR T
2R, 7 kXA JFAS () A AR 75 5
k. B, S RIS R AT AR A O B TP A A
X % (1)1 /NRNA (microRNA). - — S6 4 R v [ 4/

RNA (circulating microRNA) T\ 4% 1iF B £E i fgg o0 Ifil
BRI X SO S AT DG T R A A IR
BT AT 23 O A T T T8 B 1R A W 2

KIFE TAAEHE B 2% 2 FE 185 41 23U 36 X A
FEON AT P B R T — AR 1) 4%
o ANTE B Sk A 0T AN RE e AR, TN AE
AR AT B Hh 4 240 vT eI B TR 5K 7545 5 3l ik i
FELEREZ I H I o AEXAN BRI — RS e A
S0 22 A I AR TR, 796 3 22 A DG g e 1 B
(IR o

S22k (References)

1 Barzilai N, Rennert G. The rationale for delaying aging and the
prevention of age-related diseases. Rambam Maimonides Med J
2012; 3(4): €0020.

2 Harper S. Economic and social implications of aging societies.
Science 2014; 346(6209): 587-91.

3 Fontana L, Partridge L. Promoting health and longevity through
diet: From model organisms to humans. Cell 2015; 161(1): 106-
18.

- Klass MR. A method for the isolation of longevity mutants in
the nematode Caenorhabditis elegans and initial results. Mech
Ageing Dev 1983; 22(3/4): 279-86.

5 MorrisJZ, Tissenbaum HA, Ruvkun G. A phosphatidylinositol-3-
OH kinase family member regulating longevity and diapause in
Caenorhabditis elegans. Nature 1996; 382(6591): 536-9.

6 Kenyon C, Chang J, Gensch E, Rudner A, Tabtiang R. A C.
elegans mutant that lives twice as long as wild type. Nature 1993;
366(6454): 461-4.

7 van Heemst D. Insulin, IGF-1 and longevity. Aging Dis 2010;
1(2): 147-57.

8 Tullet JM, Hertweck M, An JH, Baker J, Hwang JY, Liu S, et
al. Direct inhibition of the longevity-promoting factor SKN-1 by
insulin-like signaling in C. elegans. Cell 2008; 132(6): 1025-38.

9 Chiang WC, Ching TT, Lee HC, Mousigian C, Hsu AL. HSF-1
regulators DDL-1/2 link insulin-like signaling to heat-shock
responses and modulation of longevity. Cell 2012; 148(1/2): 322-
34.

10 Murphy CT, McCarroll SA, Bargmann CI, Fraser A, Kamath
RS, Ahringer J, et al. Genes that act downstream of DAF-16 to
influence the lifespan of Caenorhabditis elegans. Nature 2003;
424(6946): 277-83.

11 Wang MC, O’Rourke EJ, Ruvkun G. Fat metabolism links
germline stem cells and longevity in C. elegans. Science 2008;
322(5903): 957-60.

12 Bluher M, Kahn BB, Kahn CR. Extended longevity in mice
lacking the insulin receptor in adipose tissue. Science 2003;
299(5606): 572-4.

13 Holzenberger M, Dupont J, Ducos B, Leneuve P, Géloén A, Even
PC, et al. IGF-1 receptor regulates lifespan and resistance to
oxidative stress in mice. Nature 2003; 421(6919): 182-7.

14 Bartke A. Growth hormone and aging: A challenging controversy.
Clin Interv Aging 2008; 3(4): 659-65.



AL -

20

21

22

23

24

25

26

27

28

29

30

31

32

Willcox BJ, Donlon TA, He Q, Chen R, Grove JS, Yano K, et al.
FOXO34 genotype is strongly associated with human longevity.
Proc Natl Acad Sci USA 2008; 105(37): 13987-92.

Milman S, Atzmon G, Huffman DM, Wan J, Crandall JP, Cohen
P, et al. Low insulin-like growth factor-1 level predicts survival
in humans with exceptional longevity. Aging Cell 2014; 13(4):
769-71.

Min KJ, Lee CK, Park HN. The lifespan of Korean eunuchs. Curr
Biol 2012; 22(18): R792-3.

Hsin H, Kenyon C. Signals from the reproductive system regulate
the lifespan of C. elegans. Nature 1999; 399(6734): 362-6.

Shen Y, Wollam J, Magner D, Karalay O, Antebi A. A steroid
receptor-microRNA switch regulates life span in response to
signals from the gonad. Science 2012; 338(6113): 1472-6.
Wollam J, Magomedova L, Magner DB, Shen Y, Rottiers
V, Motola DL, et al. The Rieske oxygenase DAF-36 functions as
a cholesterol 7-desaturase in steroidogenic pathways governing
longevity. Aging Cell 2011; 10(5): 879-84.

Gerisch B, Rottiers V, Li D, Motola DL, Cummins CL, Lehrach
H, et al. A bile acid-like steroid modulates Caenorhabditis
elegans lifespan through nuclear receptor signaling. Proc Natl
Acad Sci USA 2007; 104(12): 5014-9.

Motola DL, Cummins CL, Rottiers V, Sharma KK, Li T, Li
Y, et al. 1dentification of ligands for DAF-12 that govern dauer
formation and reproduction in C. elegans. Cell 2006; 124(6):
1209-23.

Berman JR, Kenyon C. Germ-cell loss extends C. elegans life
span through regulation of DAF-16 by kri-1 and lipophilic-
hormone signaling. Cell 2006; 124(5): 1055-68.

Ghazi A, Henis-Korenblit S, Kenyon C. A transcription
elongation factor that links signals from the reproductive system
to lifespan extension in Caenorhabditis elegans. PLoS Genet
2009; 5(9): €1000639.

Lapierre LR, Gelino S, Meléndez A, Hansen M. Autophagy and
lipid metabolism coordinately modulate life span in germline-
less C. elegans. Curr Biol 2011; 21(18): 1507-14.

Dillin A, Hsu AL, Arantes-Oliveira N, Lehrer-Graiwer J, Hsin
H, Fraser AG, et al. Rates of behavior and aging specified by
mitochondrial function during development. Science 2002;
298(5602): 2398-401.

Miwa S, Jow H, Baty K, Johnson A, Czapiewski R, Saretzki
G, et al. Low abundance of the matrix arm of complex I in
mitochondria predicts longevity in mice. Nat Commun 2014; 5:
3837.

Dell’agnello C, Leo S, Agostino A, Szabadkai G, Tiveron
C, Zulian A, et al. Increased longevity and refractoriness to Ca*'-
dependent neurodegeneration in Surfl knockout mice. Hum Mol
Genet 2007; 16(4): 431-44.

Copeland JM, Cho J, Lo T Jr, Hur JH, Bahadorani S, Arabyan
T, et al. Extension of Drosophila life span by RNAi of the
mitochondrial respiratory chain. Curr Biol 2009; 19(19): 1591-8.
Bratic A, Larsson NG. The role of mitochondria in aging. J Clin
Invest 2013; 123(3): 951-7.

Harman D. Aging: A theory based on free radical and radiation
chemistry. J Gerontol 1956; 11(3): 298-300.

Salminen A, Kaarniranta K. AMP-activated protein kinase
(AMPK) controls the aging process via an integrated signaling

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

network. Ageing Res Rev 2012; 11(2): 230-41.

Leiser SF, Kaeberlein M. The hypoxia-inducible factor HIF-1
functions as both a positive and negative modulator of aging.
Biol Chem 2010; 391(10): 1131-7.

Durieux J, Wolff S, Dillin A. The cell-non-autonomous nature of
electron transport chain-mediated longevity. Cell 2011; 144(1):
79-91.

Weimer S, Priebs J, Kuhlow D, Groth M, Priebe S, Mansfeld
J, et al. D-Glucosamine supplementation extends life span of
nematodes and of ageing mice. Nat Commun 2014; 5: 3563.

Lin K, Hsin H, Libina N, Kenyon C. Regulation of the
Caenorhabditis elegans longevity protein DAF-16 by insulin/
IGF-1 and germline signaling. Nat Genet 2001; 28(2): 139-45.
Antebi A, Yeh WH, Tait D, Hedgecock EM, Riddle DL. daf-12
encodes a nuclear receptor that regulates the dauer diapause and
developmental age in C. elegans. Genes Dev 2000; 14(12): 1512-
27.

Ailion M, Inoue T, Weaver CI, Holdcraft RW, Thomas JH.
Neurosecretory control of aging in Caenorhabditis elegans. Proc
Natl Acad Sci USA 1999; 96(13): 7394-7.

Lee BH, Ashrafi K. A TRPV channel modulates C. elegans
neurosecretion, larval starvation survival, and adult lifespan.
PLoS Genet 2008; 4(10): ¢1000213.

Gronke S, Clarke DF, Broughton S, Andrews TD, Partridge
L. Molecular evolution and functional characterization of
Drosophila insulin-like peptides. PLoS Genet 2010; 6(2):
¢1000857.

Li W, Kennedy SG, Ruvkun G. daf-28 encodes a C. elegans
insulin superfamily member that is regulated by environmental
cues and acts in the DAF-2 signaling pathway. Genes Dev 2003;
17(7): 844-58.

Pierce SB, Costa M, Wisotzkey R, Devadhar S, Homburger
SA, Buchman AR, 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; 15(6):
672-86.

Libina N, Berman JR, Kenyon C. Tissue-specific activities of C.
elegans DAF-16 in the regulation of lifespan. Cell 2003; 115(4):
489-502.

Wolkow CA, Kimura KD, Lee MS, Ruvkun G. Regulation of C.
elegans life-span by insulinlike signaling in the nervous system.
Science 2000; 290(5489): 147-50.

Zhang P, Judy M, Lee SJ, Kenyon C. Direct and indirect gene
regulation by a life-extending FOXO protein in C. elegans: Roles
for GATA factors and lipid gene regulators. Cell Metab 2013;
17(1): 85-100.

Burkewitz K, Morantte I, Weir HJ, Yeo R, Zhang Y, Huynh
FK, et al. Neuronal CRTC-1 governs systemic mitochondrial
metabolism and lifespan via a catecholamine signal. Cell 2015;
160(5): 842-55.

Mair W, Morantte I, Rodrigues AP, Manning G, Montminy
M, Shaw RJ, et al. Lifespan extension induced by AMPK and
calcineurin is mediated by CRTC-1 and CREB. Nature 2011;
470(7334): 404-8.

Demontis F, Perrimon N. FOXO/4E-BP signaling in Drosophila
muscles regulates organism-wide proteostasis during aging. Cell
2010; 143(5): 813-25.



VESCHRAE : R KA 5 Il S e IAEAN R AL i A

49

50

51

52

van Oosten-Hawle P, Porter RS, Morimoto RI. Regulation of
organismal proteostasis by transcellular chaperone signaling. Cell
2013; 153(6): 1366-78.

Broughton SJ, Slack C, Alic N, Metaxakis A, Bass TM, Driege
Y, et al. DILP-producing median neurosecretory cells in the
Drosophila brain mediate the response of lifespan to nutrition.
Aging Cell 2010; 9(3): 336-46.

Broughton SJ, Piper MD, lkeya T, Bass TM, Jacobson J, Driege
Y, et al. Longer lifespan, altered metabolism, and stress resistance
in Drosophila from ablation of cells making insulin-like ligands.
Proc Natl Acad Sci USA 2005; 102(8): 3105-10.

Zhang G, Li J, Purkayastha S, Tang Y, Zhang H, Yin Y, et al.
Hypothalamic programming of systemic ageing involving IKK-
beta, NF-kappaB and GnRH. Nature 2013; 497(7448): 211-6.

54

55

56

57

Brack AS, Conboy MJ, Roy S, Lee M, Kuo CJ, Keller C, et al.
Increased Wnt signaling during aging alters muscle stem cell fate
and increases fibrosis. Science 2007; 317(5839): 807-10.
Conboy IM, Rando TA.The regulation of Notch signaling
controls satellite cell activation and cell fate determination in
postnatal myogenesis. Dev Cell 2002; 3(3): 397-409.

Parker MH.The altered fate of aging satellite cells is determined
by signaling and epigenetic changes. Front Genet 2015; 6: 59.
Wang F, Chen C, Wang D. Circulating microRNAs in
cardiovascular diseases: From biomarkers to therapeutic targets.
Front Med 2014; 8(4): 404-18.

Schwarzenbach H, Nishida N, Calin GA, Pantel K. Clinical
relevance of circulating cell-free microRNAs in cancer. Nat Rev
Clin Oncol 2014; 11(3): 145-56.



