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mTOR signaling pathway and autophagy

QIAN Shuai-Wei, QI Zheng-Tang, DING Shu-Zhe*
(Laboratory of Mitochondria and Redox Stress, College of Physical Education and Health, East China Normal University,
Shanghai 200241, China)

Abstract: Autophagy is a vital basic phenomenon, which widely exists in eukaryotic cells and is involved in many
physiological and pathological processes. Its molecular mechanisms are highly complex and conserved, among
which mammalian target of rapamycin(mTOR) signaling pathway and the complex of Beclinl play a direct role in
the regulation of autophagy. mTOR can be regulated by every upstream factor, as well as modulate the formation of
downstream complex Atgl/ULK and eventually induce autophagy. Understanding of mTOR signaling pathway and

its function on autophagic complexes will help to analyze and treat various tumors from the molecular perspective.
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4 o B 2 O B A I R . CMA Fi ML v Y 2 1
R4 A B A, WA v 8 1 70(heat shock
cognate protein 70, HSC70) LI E SV, RMIFH-45
G AR IR 82 [ 2(lysosome associated membrance
protein type2, lamp2), 17 Ji5 4% 1z IH B A4 s v 4 s il
PR AL L RE P

A AR A A A T A 2 PRy H AR B
AU IR, nIAE R 40 M OR RS e IR R K AL,
WA L S AL B AR 2ok AR T ) A T BT
A BEIF 53 DT P4 52 408 1 40 P 2 PN =, )3EAT 0
MK A, RS2, AR, 4
() o s 2 T 34 M R e PR AR T, B IT YRR P
PEAEI T, DI — R R

2 IHEA M EIRS HELE A (mammalian target
of rapamycin, mTOR)

mTOR & —FIEREAL O RS (1 22 2008 / 5
SR A O, T T TP UL I O A O R 1 O
(phosphatidylinositol kinase-related kinase, PIKK)[]
KGR 5. mTOR A-AEPIMA R S5 WE X
M 3R BUK ¥ mTOR K54 1 (mTOR complex],
mTORCI) H1 X} 55 MF %5 25 A §U 1) mTOR & 54 2
(mTOR complex 2, mTORC2), mTORC1 4§ mTOR,
raptor (regulatory-associated protein of mTOR).
mLST8 (mammalian ortholog of LST8), PRAS40
(proline-rich Akt substrate of 40 kDa) ; mTORC2 f,5%
mTOR. mLSTS8. rictor (rapamycin insensitive
companion of mTOR). mSIN1 (mitogen-activated
protein kinase-associated protein 1). Fif 3 = 211541
fub K, anpiETs. e AR A g g S
2 B 1 i S T 2 RN A A AT G

mTOR 1EA 4 N I OofE S R R, il
TR e, BSRE AANEL ERKETES
FO I, AR AR A, B T AR
A SR e S U I kT AR
mTOR /35 TR IL 5 Z P Pomif1 o8, s
TP DML BE IR A A, XA
mTOR Rl A AR TR 5
3 mTORS4HREH K
3.1 mTORL#ESEH

B8 mTORC1 i} iy iH 52 H HU&, mTORC2 Xf

A AR, AR AT AT A R Al B W ) S
SVEM. Garcia-Martinez f1 Alessi ™ W57 % B, H

HE LA — &84 mTORC2 #8175 WA %5 2= R0 T
W%, mTORC2 ¥i% Ja, X AT #0is & A Wil C
(protein kinse C, PKC), [AIH AL IE Akt T
% 1) Akt fE 9% i mTORC /& o 88 iy, e 4 0
mTORC2 1, n] #1405 W, AHIX AR LI 32 2
el Rd Akt FH T AN 5 R T Foxo3 SKRSEILY,
IHHIEATREE 2% Atg FEAMZ 5 Y, T mTORCI
o Ak RS R B E Y], LA 2 A
mTORCI 54i il B W53 KR

AT IR R, U SR R (SRR
For A RAEETR ) MKV RESE M mTORCI 1)
WP, X Rl ik RagA K% Ak 7 GTPases Fll Ste
FK G 1 MAP4K3 (mitogen-activated protein kinase
kinase kinase kinase 3) K45, W BN, SR
W ) A2 4K fE R 7 GTPases 1 MAP4K3 (1) 3% 1,
X B P 2 1) & mTORCL By A IR+ B 2
M ASE AR LT AN, Wil - GTPases Al
MAPA4K3 ({35 PGS mTORCL, S|4 B 5 ¢
2 MR RIS KRS, & 40H mTORCL, |
AN . AR, se R L R 1Y GTPases 1
MAP4K3 (1B B 1 v A BT, (HA 0 50AN,
1 o JB5 () 2% T R BEAE A — e iR s Bk, Wi SLC
(solute-linked carrier) Z % & 4 SLCTAS5/SLC3A2, 1X
T2 1 e SRR (W e i i 4R Y, 24 SLCTAS
RAETNREBERGIN, S22 BRI N1 LA ) 5 25 B
€, MmFmman K, LiEagn i g . e,
Vps34 1 24 PI3BKC3 (class 11T phosphatidylinositol 3-kinase
complex) [J—Ff, [k T nlilit 5 Beclinl [rEEL fR 5T
g AR o R e N it NS 10 S N E = i 7 S
RESM I TE A BRI 1Y) mTORC %, X1 Vps34
B/ mTORC _F-yjfe 22 11y i 45 B - 0,

20 i 1 BE IR A X mTORCT 9 B A 424 H o
4 2 A R ILAR NS, ATP/AMP BE A F#1IE,
AMP J435 1 5 H I8 (AMP-activated protein kinase,
AMPK) 300, 0% 19 AMPK X RE 5 98 10 S90S 4
W PHEAE AT (tuberous sclerosis complex, TSC) TSC1/2
BaW. ZEEWE B GTP fis P r) e —
FAk, TSC1 AR ZEAWMIER, i TSC2 A
A GTP i y5 4, HEXS /N GTP fiff Rheb(Ras homolog
enriched in brain) ;& #11 #| /F B, 1 Rheb 3 J2& W%
mTORC1 A 751, 4 TSC2 MRS 5, TSC2
I 10 s mTORCT A PR/ A, A ifn b 3 46
Mo e Y BOL g A B, AMPK Al B IR 1L
raptor Ser722 A7 )5 F1 Ser792 £7 4, JF 5l 14-3-3 £
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454 IR AL raptor |, M4 mTORCI, 4
TEANM W S Ak, AR AR A s -3-
1% i &% (glyceraldehyde-3-phosphate dehydrogenase,
GAPDH) 1 nJ 7 #2381 #7#] Rheb-mTORC1 i f# 4
il mTORC1. LL_Ewl %1, %58 4% mTORC1
L =R Ae, ARl S ge R R A4 s
T, TS =) S R AR A O

A KR 5 5 1 AR Ak g ik i Y mTORC1
A E g, AR K E 5 Y mTORC 4= %
it IGF1 (insulin/insulin-like growth factor)-PI3K
phosphatidylinositol 3-kinase)-Akt i f% RSB, 1%
{5 5 1 % I 29 N PDK1(phosphoinositol dependent
kinase). Rheb. PTEN (phosphatase and tensinhomo-
logy deleted on chromosome 10). TSC2 %54 H X1,
WM AT0E mTORCI 5 J5 w28 HAT 01 mTORCI
(K1 FH . PRAS40 1F g Akt [) JE 4 75 38 % v o 44
THEZEAE. Akt nHIE HARRER L PRASA0, AL
mTORCI [RHMHIVERNFER, MM mTOR {55 il
%o

I3 Ak, 4 ik 44 Bk A T I (endoplasmic
reticulum, ER) J& J7 I3 H), nf i ik REDDI1(regulated
in development and DNA damage 1) S HAH <8 1%
W TSCL2 44 ™, i mTORCI, 8k 4f
L E S AHEARBL H AT AN 4 R D Re
5 mTORC1 WAFEE VI K &R, S bR E AL BE IR
fk m] 7= A uE PE 4 (reactive oxygen species, ROS),
ROS %} mTORCI Ji i FH A7 W) 424 ], /Nl
(¥) ROS W] il if ¥ 7% Ras-PI3K-Akt Jl ¥ ¥ %
mTORC1. {H 2 A% A= DI g e ™ 4= K i ROS
i, ROS A3l 9# 59 AMPK 5 TSC1/2 2542 [H]
£ M, JF W 1% & AMPK Al raptor, [d] i 28 it 5
TSC1/2-Rheb LK 1115 AMPK AH G 38 2% 240
mTORCI 3 Pk, 512 £ ¥ f4 (1 W (mitophagy) .
HARERAARAE 5 IO 424 FH T mTORCI, {HA]
i N i LKB1-AMPK-TSC1/2 0] fg & # #
mTORCI [ -2l , Lid b ) LKB1, HI22%
8 / 752 R 11 (serine/threonine kinase, STK11),
ML ORI 2108 [ AR . 4
a1 S AL Y BN, LKB1 7] 32K AMPK i R 14,
IR Ak ¥ AMPK @6 TSC2 [ IE [ P FE/ER, ik
B G AT mTORCH Ml #%, {3k 41 Jfg 19 I R 7E 1Y)
F M phdh, 40k B pS3 b ] il i 4 Sk
AL WOE mTORCL Lyl — 26 4y A 1, X LB F
+ 3 4 5 AMPK, TSC2. sestrinl/2 25, AMPK ##

p53 S UGS 5 TR IR A TS TSC1/TSC2 B4,
Jri & T I N 5E X mTORC g #34E F LR 4i i B
Wi sestrinl/2 1 24 p53 (1) 3G A+ v B 4% W00
AMPK, 5 & il i R A P TSC2 #4] mTOR {5
I . pS3 ] HAR RS TSC2, JiE i
mTORC1 F 4 fig Ak (& 1).

3.2 mTOR5 TifAtgl/ULKE &Y

H 6 AH ¢ L X (autophagy related gene, Atg) #&
NSy Ras R Sl SINE S AR 2 VS IS R S T N
11 M EEBRE I %5 52 2 34 Bl Atg JEN, X 4L FE A
2K 2 AT Re AR FLsh P R B VLR . AT S
T 2 I AE H RIS S /DR U . PR 1k
BRI A I B T AR .

S B 19 W PR35 AL T 2 AR I R R I
FEMERE, 5 P30 mTOR 45 1) F1 ) g #51R 40
L) /& TOR(target of rapamycin), i 3L K /413
T Ray, IFEE IR KT E A 95% I RIS o
P BEHP K] TOR B ] JE P M A 54 = AP s R
BRI TORCT AR T 118 28 AU K TORC2, H
o TORCI 0 852 240 AR E R 454, 240 Mo 3
BT R K. BERE TORCT A3 1) 40 o 3 Wi
FEGE LS Atgl B S AW A AR RS,
Atgl Wl & &) F 2 A Atgl. Atgl3. Atgl7,
Atg29. Atg31 %5, H | Wk 77 & 7 2 1 2 Atgl-
Atg13-Atgl7 5560 40 i [ R AE PR . Atgl
ML IR/ VAR N, &z BosoR
A, Elily Atgl3 1 Atgl7 (KA B4R 1 5
H 5 B E Ik, 155 40 M H W Atgl3 & TORCI 1)
W), 4 IRIEMINE, TORCI # ¥R, M i ki
1 Atgl3 I AN T, Atgl3 TR 1k, Mok
§95 Atgl RHABE A ML GRe)), XN Atgl Bl
TR B, g0 WAL T ERIKOE T Atgl7 th
LM BN EE EENE N, Atgl7 RV
ZANEINS, AR A R T BRI = 5l
A ZORPEIT, TORCI yG ez 4], Atgl3 %
WAL, WY Atgl F1 Atgl7 Z [A] ¥4 H.
YER, MM Atgl HISEE, 5 540 i F kIR R AR
Tk, Atgl3-AtglT SEWIAE RGN Atgl il s v
T AR R T AR R L, XU B Atg13-Atgl7
AW R ZHY BE AT /D[RR 26 1,

LY Atgl 1R & 4424 ULK(UNC-51 like
kinase) 5 Jti 25 1 ULK1F1 ULK2., WFLEh+ Atgl7
I [F] 242 FIP200(focal adhesion kinase family interacting
protein of 200 kDa) fit 5 ULK1 A1 ULK2 #H H.4EH,
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v AMPK /
Leucine PDKl ——» Akt 53
TSC1/2 g——REDD|4—— ER stress
glycolgsis
Rag GTPases J_
/Rhebl— GAPDH
v

MAP4K3 ——— » mTORCI }

AMPK = ATP/AMP |
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1 mTOR _L3§5 518 B ¥ 40 i B Rk B 185 (#4318 750)

XAE AWEAARIE e F v AT A M. s
h Atgl3 ) [7] 54 mAtgl3 thfig 5 ULK1 Al ULK2
MEAER, {2 mAtgl3 BAE4L G ULKI R,
1M mAtgl3 5 ULK2 [ 45 4 1 i B 4K T FIP200.,
mAtg13 i& G /E & FIP200 15 ULK1/2 ) A A 1,
PP M AR AR Y SRE R I Rl R
1 Atgl0l, ‘& R85 mAtgl3 45 & 5 1 mAtgl3 (¥
Befidt, b mE AP T mAtgl3 1177205 ULK1 AH
HAE, XARAE AW o e v By E A
FIP200-mAtg13 (1) AH H.4F HI % T ULK1 [ i 3 P
e P f B WA E A A B . H AT e
FLENP P AR I B Atg29 . Atg31 H RIS Ao

EWH FL 3 9 b, mTORCI  [F] £f g % 1% 1k
mAtgl3, (H5 R/ A F )2, mTORCI i&
REREIR AL ULK1 F1 ULK2, 782 ol 5 i 5 250
Hhes]E mAtgl3, ULK1. ULK2 AL, M
M40 AW &4 U X Ui mAtgl3. ULKI
F1ULK2 #f5 /& mTORCI [ FL#:AE R HF. mTORCI
nJJHId raptor 5 ULKI [PfEHBEERIL ULK1 A1 mAtgl3,
k) ULK (35, N ignse [

120 52 28 FERI, mTORC Ji5 M 324,
mAtgl3. ULKI1, ULK2 i L B R 1k, mAtgl3 il
i FIP200 AR AR 15 ULKI 454, it FIP200

R i 45 5 ULK2 454, 1 mAtg]13-ULK1/2 [
R X R sE s Ak 7 ULK1/2,  [6) 42 3 ULK1/2 %}
FIP200 (IR 1k, FIP200 X AEH T mAtgl3 5 ULK1/2
A EAEH. 5, JE K ULK1/2-mAtg]3-FIP200
LEW, AL AR R A PR 2).

AT £ W], AMPK A3 B B 0 %1k
ULK1 Ser317 7. s F11 Ser777 A7 s 80 ULK 1. 24
ik /I BV I3 ol 2T 4 40 Jifd b AMPK 36 [K 5 AMPK ¥7%
P2 AW, TUASAE A2 X B A7 5 e fk U™
mTORC1 "l i B R 4k ULK1 Ser757 A7 £l
ULKI [f3& P, il ULK1-AMPK [#4H B AE H
A AMPK 5|2 1f) ULK1 8 8 fh 0% ™0 22470 26
YLk, AMPK 3%, mTORCI i&EZ4ME, &
X ULK1 Ser757 47 pi MR AL 855 . AMPK 3i it 3
s 6P ULK Ser317 7 i Al Ser777 4o 5 ) 1 12 1L
Rt ULKL, 7 S 40 i |3 wk ™. B 1 A 4 4i il
ULK1 W ARLELE /N L0 Mg ULK 1 Ser777 47 55, ki
I AMPK b, v] G 38 ik % 2 A ULK ) FE At A7 38
i ULK1™, (H 57K 1, mTORCL nJf# A5
AR U20S 40 g ULK1 Ser638 {7 55 Fll Ser758 fif
MR AL, 1 AMPK M A8 Ser638 {7 5T B IR 1L
Ser638 o7 s ¥ B3 12 14 e (e 2k Ser758 A7 kil (1) o 1R 1L
F1 ULK1-AMPK [¥AHHAER
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B2 mTORCIFULKSE &4188i=ER

AN FE 70 LI, ULKI Ser638 £i7 £ Ser758
PE A P B R A, BRI AMPK E PEEIR, (H
AMPK 1] 3@ I 2 K Ser638 47 st 1) 4 MR 1k, 0 ok
AMPK-ULK1 (A ELAE P, $] ULK1 5 HAh ik
FIRAE 40 A WAL T 3R 240 s 77
= I, Ser638 B AL AWML, )5 Ser758 X
TR 1k. Ser758 [ 2% 1 IR 1k RE fi# i ULK1 5 AMPK
(R EAE S, 0m ULKL (R35 1, 3805 400 15 0.
40 i FFT N SR, mTORC FH#as,
1% £k, Ser638 47 11 Fl Ser758 47 s ', ULKI Ser758
AL BEIR A RE AL A ULK1 5 AMPK [ 88T 455
AN, M IR 2 N, AMPK A ] 3 i i R 1k
raptor. Il mTORCI 1) /5 X 3% ULK1 & 54,
g A B,

2010 4F Lee 25 " Bf 9% 1A A, FIP200 b 7] 5
TSC12 EEWMHTAEM, {1 TSC1/2 2B WAFET
ULK1 &AW A an AR 1) AMPK GE5 i 12
1k, ULK1- mTORC]1 H1[f] TSC2 it 133k — 5%

B2, HiX mTORCI 5 7 ULK & &4 [A]
IV DL AEAE VR 2 R ITis 2 i )y,
DWFTE RAFAE— R A —8E, WELGdE—P
TRHT -

4 s

ICNZA

AR E A — BRI A LA, fE) i
ZHNRRZ BB RS R, R TS SR
IrPEAR. OIS RGN RIS, A

FEAbh, B 55 % Tl bt < A5 %5 D) AH O . ifif mTOR
PRI REEME TRRE MRS, i b
Ui 5 AR - D7 R S0 SR SR B 5 i A2
e, RIS R AR E SRR, AR
90 B R AR . PR, SR mTOR 5 1
e T (R O A AT T A0 B 1 e SR A i A F L
TR AT B AT 77K X 28R e s kA7
SrHTARYT o

(& % 3 ¥k
Hussey S, Terebiznik MR, Jones NL. Autophagy: healthy
eating and selfdigestion for gastroenterologists. J Pediatr
Gastroenterol Nutr, 2008, 46(5): 496-506
Kon M, Cuervo AM. Chaperone-mediated autophagy in
health and disease. FEBS Lett, 2010, 584(7): 1399-404
Jung CH, Ro SH, Cao J, et al. mTOR regulation of
autophagy. FEBS Lett, 2010, 584 (7): 1287-95
Garcia-Martinez JM, Alessi DR. mTOR complex 2
(mTORC2) controls hydrophobic motif phosphorylation
and activation of serum- and glucocorticoid-induced
protein kinase 1(SGK1). Biochem J, 2008, 416(3): 375-85
Nicklin P, Bergman P, Zhang B, et al. Bidirectional
transport of amino acids regulates mtor and autophagy.
Cell, 2009, 136(3): 521-34
Suryawan A, Davis TA. The abundance and activation of
mTORCI1 regulators in skeletal muscle of neonatal pigs
are modulated by insulin, amino acids, and age. J Appl
Physiol, 2010, 109(5): 1448-54
Li M, Jiang X, Liu D, et al. Autophagy protects LNCaP
cells under androgen deprivation conditions. Autophagy,
2008, 4(1): 54-60
Gwinn DM, Shackelford DB, Egan DF, et al. AMPK



BRI, A WL T R 2 AR 1 - A

735

[10]

[11]

[12]

[13]

[14]

[15]

phosphorylation of raptor mediates a metabolic
checkpoint. Mol Cell, 2008, 30(2): 214-26

Whitney ML, Jefferson LS, Kimball SR. ATF4 is necessary
and sufficient for ER stress-induced upregulation of
REDDI1 expression. Biochem Biophys Res Commun, 2009,
379(2): 451-5

LiM, Zhao L, Liu J, et al. Multi-mechanisms are involved
in reactive oxygen species regulation of mTORC1
signaling. Cell Signal, 2010, 22(10): 1469-76

Wang X, Sun SY. Enhancing mTOR-targeted cancer
therapy. Expert Opin Ther Targets, 2009, 13(10): 1193-
203

Kawamata T, Kamada Y, Kabeya Y, et al. Organization of
the pre-autophagosomal structure responsible for
autophagosome formation. Mol Biol Cell, 2008, 19(5):
2039-50

Kamada Y, Yoshino K, Kondao C, et al. Tor directly
controls the Atgl kinase complex to regulate autophagy.
Mol Cell Biol, 2010, 30(4): 1049-58

Jung CH, Jun CB, Ro SH, et al. ULK-Atg13-FIP200
complexes mediate mTOR signaling to the autophagy
machinery. Mol Biol Cell, 2009, 20(7): 1992-2003
Hosokawa N, Sasaki T, lemura S, et al. Atgl01, a novel
mammalian autophagy protein interacting with Atgl3.
Autophagy, 2009, 5(7): 973-9

[16]

[17]

(18]

[19]

[20]

[22]

(23]

Ganley IG, Lam du H, Wang J, et al. ULK1-ATG13-FIP200
complex mediates mTOR signaling and is essential for
autophagy. J Biol Chem, 2009, 284(18): 12297-305
Hosokawa N, Hara T, Kaizuka T, et al. Nutrient dependent
mTORCI1 association with the ULK1-Atg13-FIP200
complex required for autophagy. Mol Biol Cell, 2009,
20(7): 1981-91

Kim J, Kundu M, Viollet B, et al. AMPK and mTOR
regulate autophagy through direct phosphorylation of
Ulk1. Nat Cell Biol, 2011, 13(2): 132-41

Behrends C, Sowa ME, Gygi SP, et al. Network
organization of the human autophagy system. Nature,
2010, 466(7031): 68-76

Shang LB, Chen S, Du FH, et al. Nutrient starvation elicits
an acute autophagic response mediated by Ulkl
dephosphorylation and its subsequent dissociation from
AMPK. Proc Natl Acad Sci USA, 2011, 108(12): 4788-93
Shang LB, Wang XD. AMPK and mTOR coordinate the
regulation of Ulkl and mammalian autophagy initiation.
Autophagy, 2011, 7(8): 924-6

Lee JW, Park S, Takahashi Y, et al. The association of
AMPK with ULK]1 regulates autophagy. PLoS One, 2010,
5(11): e15394

Liang C, Jung JU. Autophagy genes as tumor suppressors.
Curr Opin Cell Biol, 2010, 22(2): 226-33



