Reviews and Monographs Es3ad=k 274

) D
. . Progress in Biochemistry and Biophysics
)i 2014, 41(3): 266~272

www.pibb.ac.cn

M3 FIKEEF c-Myc HHBERZPIER -

2 A

gL #FEE"

(AERURSFBE B 5 9 TR AR, ERURF /YU, JEat 100191)

WE R FR A0 AR KR B A T A0 A 0 G 3, BB

A BRI AR P AR . 20 2 o i R 45

Fi. DNA #f. SRAEEUR RN KFEER R, ER MU R AR R U c-mye i Fe sk 87, WiRER
ZEEN, BRI A0 M R . . T RS AR E IR, o Mye SR 5 M MU Z W YIAISS, B W 0T hTERT.
pl6. p53. Bmi-1 Fl p27 S5EREZAMCHEN k. o-Mye MMUATHIHIZHITELEE, W AEMGIREFIE KK EZ. -Myc i ras
T34 Z IR T CDK2.  o-Myc JIG AN BEE 755 AR PE 40 Mo (W N\ A 4 40 i) 22, 1o FLZEVE 22 I8 40 B ot 7T
JEE. AR, 5 ras FEFERL, ERPE ST, o-Mye MITE SN, JETTIEEE4E G485 5E (Werner syndrome, WRN)

AN R

KR c-Myce, 4IH%EE, CDK2, WRN
ZFRPES Q2, Q7

0 10 3852 S AR A A 7K A e BEL Y £ 4
W GLIW, IR TR A R AR Mg AL R AR
PEASARN. X PG dR 4 H1 Hayflick 4551
. AATTAIL,  ARSMEE TR AT Y20 D ) 2 iy S A B
(1, BEE A ALARREU I I, I AE KA T 32
W, AR ARt B IR A0, Aiiudh
PORIRAET ) firis. G IR R LA T 2 ff 4
TAM PR A “Hayflick” PR, BLAE, AATIA K4k
Hayfick W %< 21 K1 %E 28 2 thsmbn 4 5 E A, 1 i
MR RN, S, HARE S A SCRRI A
MRS A A T 5 A T, iR R DR 4 DR R Sk S
RARE S M 2, R iE R R 5
(oncogene-induced senescence, OIS)®. JGit & i1t
FELILRIEFE N T ITEE, A0 5 A2 Y
THOENS . MBVEIR. A S FUR B e 0 o
e SN S 5

JE R LA comyc S ) B S DY, A 40 i
B ARG T &ML SR EBTG G DNA S
ILAE e AR A AN TR PR R 2 TR o R4 DB A T,
c-Myc 45 3 Z V)M &, ¥ HE % 5 W hTERT
(human telomerase reverse transcriptase)s BAG2
(BCL2-associated athanogene 2). pl6. p53. Bmi-1

DOI: 10.3724/SP.J.1206.2013.00313

AN p27 S L EARIE IR c-mye 10—
fe M I, fEZHE DL, TSR,
HAE € 4&AF T, Rimifoife g sEe. A
SCHMEAE S TP E— A4,

1 c-Myc ERRIEHIFITNREFFE

c-myc #E 5 L-myc & N-myc [f] & Myc %
TR, G IR w-mye B W) I TN I 30 4 i 0 B
H 23], R L S A PR RSN R emmye 1,
c-Myc H I 28 ki (N 3 ) A s T X, &
JELRSF I MB1 R MB2 X ; Bifi f5 > MB3 Fl MB4
X AR ) 4 C il & — MR/ IR -
I - e / SRR Hr BE(bHLHZip) S 9B 1), c-myc
G i R ME X /MR - FE - MR/ SRR b
(bHLHZip)” &K 1) K+, 1 5 Max
(bHLHZip Z R 1) 51— F 50 JE A — FE AR08, 3
SR AR e-Myce 5 Max = A 0% 7 Hh 45

* [E 5% 1 5 L REAE 5T K 81 (2013CB530801, 2012CB11203) 1 [
FHREIEFLS(81372164)E BT H .

AR AL

Tel: 010-82802931, E-mail: ttj@bjmu.edu.cn

Wk H 9 2013-07-05, #25%2 H . 2013-12-18



2014; 41 (3)

218, F: WD TFKEE c-Myc EHBARZPHER *267¢

A R EE R A B3 F X ) 5 CACGTG 3/ fl 2R Bl 1
E-box [ DNA J¥ 47, HEf %1 c-Myc [1) 32
e /2 FH 550 RNA ZE-G W 1T A0 (0 5 45 04 (1) 4 1
WAEH B -, W s LB

N dig: Feorif 151X

(HAT), BATHSOR 509, DL R fgn] Wil ek
PGS S 1 Myc-box2(MB2) 5k bHLHZip 1% 55 1
At 535 AHELAR T S B

Ci: e H 14t X

[ [mB1] mB2 |

| MB3 | MB4 | [NLS]

| b ] HLH [ e

Fig. 1 Structural characteristics of the c-Myc protein"*'?
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Fig. 2 The activation of c-Myc can inhibit cell senescence, and loss

of c-Myc can cause the senescence of some turmor cells
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Fig. 3 Non-cell autonomous Myc-induced senescence™
B3 c-Myc ZERFSHMMIER EERED
TEEREA L / W IR LR IR RGE, o-Mye I FESE 51 DNA 8345, (A ok TR 4 i i AR AR T2 IR B4 S, AR I v Ay — 30 43 4 =
AR NN, TR IR LB AR G 0 R A, R GO O B AN L S0V 2 R F i TGF-B. TGF-B R 5K “ c-Mye- SK3)1H

N RTHEYI TR - N

3.2 c-MycH]{2i# WRN SREHAERITE

WETURIL, 4 B FE LR 3 1A P 1 i e
FERAEAESAR, G iz g L R T 8 5 Je taffs
B, FRA WRN, WRN %ifih A7 DNA fiff e F1 4
I 1 B Th RE 10 & . AU % IR i 16 T fig 2
WRN f55EE, fif WRN 1] 5 A RecQ F K i 51
(R EA7 DNA fi#Jig ) X 45, XA HoAth RecQ ZK %
B 2 A7 DNA fift Jig 5 2. WRN &£ H 7] 5
DNA 45 G IHE i — 204519, DNA ZHlINy, &)
FILTE . WRN 16 DNA S HIAH G 84
AT A @, WRN K 5848 55 A 2K 5L 0E
(GERZEAIE)VM G, dERSGEBIEMNRRIE N &
YN 3E 2 FE DR L ANRR G P R 2D L1 T o SR it 2 P
JIPR (18] 3 26 1 Jipes4e1,

WRN /& c-Myc I E AR, W1 WRN % A
B, ERIE c-Myce Al 'F 20 hTERT /& 3Kk 17K 24k

1 4i i 3= 2. MYC/WRN 7 45 ¥ 1 AH 54K i,
c-Myc BRI L HZ 5400 DNA S HIHT a5, ik
Myc I GURIIE S 39], HEOR4nMi) “ S g o,
WR I ZRIL c-Myce 4 WRN IR, T 3E0H
Sy DNA 4k, DNA #{iid 7> BUK, Bah ATR-
CHK1 (ATM and Rad3-related protein-checkpoint
kinase 1)f5 5 il %, S ik ok A 15 40 i 1k A\ 4 i 45
Wit FEEHPIRAWL 5386, c-Myc FTIREh ) IR &
PETTER A WRN JE B B 1M B2 4000, 7 Mye A
KR A AR R T, A WRN B2, R 0
DNA 505 [N, S0 iR s s o 5B WRN
BUPECE G LI RE, X TIRYT c-Myce K3k & (1
E TR A R SR

4 4% 5

c-mye YEN D, AEARZ 1500 T HO CDK2



270 SMFEEMYIRER

Prog. Biochem. Biophys. 2014; 41 (3)

W 7 LN U 3 22 AH OC 2 ] (p21. pl6. Bmil.
cyclinD2. hTERT %), R4z, M
TEf R WRN FERI 4 fa b, o-Mye BA {22 A4F
., ] WRN BRI c-Myc 540055 2 (3R &
PET OREAER. J34b, A ras S8HE—FE, c-mye
HFRIAFER LGS ML N S A M. LR TR,
HHT c-Mye 53 E WA R PERT L E AL P “1E
WM A, S TE ST, A8 R
2 IR A . 554, o-Mye 53
EAHIIIR CHE PRI« K R R A b 8 ) 1)
WF9T, R PR E XA ) N TS A,
B c-Myc 5 BT, IR o-Myc % 4i i
FEEWAE PRI, R IX LERFTT 5 I R . F AH 25
& S BAHR R . FEAFIT -Mye 53 #
RIRFR, WA S SR 2 W R T R IR AT
MEMLER.

2 % x M

[1] Schmitt C. Cell senescence and cancer treatment. Biochim Biophys
Acta, 2006, 1775(1): 5-20

[2] Kuilman T, Michaloglou C, Mooi W J, et al. The essence of
senescence. Gene Dev, 2010, 24(22): 2463-2479

[3] Moorhead H L. The serial cultivation of human diploid cell strains.
Exp Cell Res, 1961, 25: 585-621

[4] Bodnar A G, Ouellette, Frolkis M, et al. Extension of life-span by
introduction of telomerase into normal human cells. Science, 1998,
279(5349): 349-352

[5] Carlos Lo' pez-Oti'n, Maria A Blasco, Linda Partridge, et al. The
hallmakers of aging. Cell, 2013, 153(6): 1194-1217

[6] Hydbring P, Larsson L G. CDK2: a key regulator of the senescence
control of Myc. Aging (Albany NY), 2010, 2(4): 244-250

[7] Oster S K, Ho C S, Soucie E L, et al. The myc oncogene:
MarvelouslY Complex. Adv Cancer Res, 2002, 84: 81-154

[8] Dang C V, O'Donnell K A, Zeller K I, ez al. The c-Myc target gene
network. Semin Cancer Biol, 2006, 16(4): 253-264

[9] Secombe J, Pierce S B, Eisenman R N. Myc: a weapon of mass
destruction. Cell, 2004, 117(2): 153-156

[10] Zhang J, Lou X, Yang S, et al. BAG2 is a target of the c-Myc gene
and is involved in cellular senescence via the p21(CIP1) pathway.
Cancer Lett, 2012, 318(1): 34-41

[11] Buendia M A, Bourre L, Cairo S. Myc target miRs and liver cancer:
small molecules to get Myc sick. Gastroenterology, 2012, 142(2):
214-218

[12] Duesberg P H, Vogt P K. Avian acute leukemia viruses MC29 and
MH2 share specific RNA sequences: evidence for a second class of
transforming genes. Proc Natl Acad Sci USA, 1979, 76(4): 1633—
1637

[13] Sheiness D, Bishop J M. DNA and RNA from uninfected vertebrate

cells contain nucleotide sequences related to the putative

transforming gene of avian myelocytomatosis virus. J Virol, 1979,
31(2): 514-521

[14] Vennstrom B, Sheiness D, Zabielski J, et al. Isolation and
characterization of c-myc, a cellular homolog of the oncogene
(v-myc) of avian myelocytomatosis virus strain 29. J Virol, 1982,
42(3): 773-779

[15] Larsson L G, Henriksson M A. The Yin and Yang functions of the
Myc oncoprotein in cancer development and as targets for therapy.
Experimental Cell Research, 2010, 316(8): 1429-1437

[16] Chi V, Dang. Myc on the path to cancer. Cell, 2012, 149(1): 22-35

[17] Liischer B, Larsson L G. The basic region/helix-loop-helix/leucine
zipper domain of Myc proto-oncoproteins: function and regulation.
Oncogene, 1999, 18(19): 2955-2966

[18] Ma L, Young J, Prabhala H, et al. miR-9, a MYC/MYCN-activated
microRNA, regulates E-cadherin and cancer metastasis. Nat Cell
Biol, 2010, 12(3): 247-256

[19] Song L B, Li J, Liao W T, et al. The polycomb group protein Bmi-1
represses the tumor suppressor PTEN and induces epithelial-
mesenchymal transition in human nasopharyngeal epithelial cells.
J Clin Invest, 2009, 119(12): 3626-3636

[20] Takahashi K, Yamanaka S. Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors.
Cell, 2006, 126(4): 663-676

[21] Wu K J, Grandori C, Amacker M, et al. Direct activation of TERT
transcription by c-MYC. Nat Genet, 1999, 21(2): 220-224

[22] d'Adda di Fagagna F. Living on a break: cellular senescence as a
DNA-damage response. Nat Rev Cancer, 2008, 8(7): 512-522

[23] Xu D, Popov N, Hou M, et al. Switch from Myc/Max to Mad1/Max
binding and decrease in histone acetylation at the telomerase
reverse transcriptase promoter during differentiation of HL60 cells.
Proc Natl Acad Sci USA, 2001, 98(7): 3826-3831

[24] Yamashita S, Ogawa K, lkei T, et al. SIRTI prevents replicative
senescence of normal human umbilical cord fibroblast through
potentiating the transcription of human telomerase reverse
transcriptase gene. Biochem Biophys Res Commun, 2012, 417 (1):
630-634

[25] Feldser D M, Greider C W. Short telomeres limit tumor progression
in vivo by inducing senescence. Cancer Cell, 2007, 11(5): 461-469

[26] Guney I, Wu S, Sedivy J M. Reduced c-Myc signaling triggers
telomere-independent senescence by regulating Bmi-1 and pl6
(INK4a). Proc Natl Acad Sci USA, 2006, 103(10): 3645-3650

[27] Serrano M, Lin A W, McCurrach M E, et al. Oncogenic ras
provokes premature cell senescence associated with accumulation
of p53 and p16INK4a. Cell, 1997, 88(5): 593-602

[28] Hydbring P, Bahram F, Su Y, et al. Phosphorylation by Cdk2 is
required for Myc to repress Ras-induced senescence in
cotransformation. Proc Natl Acad Sci USA, 2010, 107(1): 58-63

[29] Hydbring P, Larsson L G. Tipping the balance: CDK2 enables Myc
to suppress senescence. Cancer res, 2010, 70(17): 6687-6691

[30] Sherr C J, Roberts J M. Living with or without cyclins and
cyclin-dependent kinases. Genes Dev, 2004, 18(22): 2699-2711

[31] Wu C H, Van Riggelen J, Yetil A, et al. Cellular senescence is an



2014; 41 (3)

218, F: WD TFKEE c-Myc EHBARZPHER

*271-

important mechanism of tumor regression upon c-Myc inactivation.
Proc Natl Acad Sci USA, 2007, 104(32): 13028-13033

[32] Zhuang D, Mannava S, Grachtchouk V, et al. C-MYC
overexpression is required for continuous suppression of oncogene-
induced senescence in melanoma cells. Oncogene, 2008, 27 (52):
6623-6634

[33] Wu C H, van Riggelen J, Yetil A, et al. cell senescence is an
important mechanism of tumor regression upon c-Myc inactivation.
Proc Natl Acad Sci USA, 2007, 104(32): 13028-13033

[34] Mannava S, Moparthy K C, Wheeler L J, et al. Ribonucleotide
reductase  and  thymidylate  synthase or  exogenous
deoxyribonucleosides reduce DNA damage and senescence caused
by C-MYC depletion. Aging (Albany NY), 2012, 4(12): 917-922

[35] Gao F H, Hu X H, Li W, et al. Oridonin induces apoptosis and
senescence in colorectal cancer cells by increasing histone
hyperacetylation and regulation of p16, p21, p27 and c-myc. BMC
Cancer, 2010, 10: 610

[36] Shivani P, Chandramu C, Krishna K V. MMP-9 silencing regulates
hTERT expression via (1-integrin mediated FAK signaling and
induces senescence in glioma xenograft cells. Cell Signal, 2011,
23(12): 2065-2075

[37] Lee S, Schmitt C A, Reimann M. The Myc/macrophage tango:
Oncogene-induced senescence, Myc style. Semin Cancer Biol,
2011, 21(6): 377-384

[38] Reimann M, Lee S, Loddenkemper C, et al. Tumorstroma-derived
TGF-beta limits myc-driven Lymphoma genesis via Suv39h-
dependent senescence. Cancer Cell, 2010, 17(3): 262-272

[39] Gray M D, Shen J C, Kamath-Loeb A S, et al. The Werner
syndrome protein is a DNA helicase. Nat Genet, 1997, 17(1): 100-
103

[40] Shen J C, Gray M D, Oshima J, et al. Wermer syndrome protein. [ .

DNA helicase and DNA exonuclease reside on the same
polypeptide. J Biol Chem, 1998, 273(51): 34139-34144

[41] Brosh R M Jr, Waheed J, Sommers J A. Biochemical characterization
of the DNA substrate specificity of Werner syndrome helicase.
J Biol Chem, 2002, 277(26): 23236-23245

[42] Compton S A, Tolun G, Kamath-Loeb A S, et al. The Werner
syndrome protein binds replication fork and Holliday junction
DNAs as an oligomer. J Biol Chem, 2008, 283(36): 24478-24483

[43] Aggarwal M, Sommers J A, Morris C, et al. Delineation of WRN
helicase function with EXO1 in the replicational stress response.
DNA Repair (Amst), 2010, 9(7): 765-776

[44] Sidorova J M, Li N, Folch A, et al. The RecQ helicase WRN is
required for normal replication fork progression after DNA damage
orreplication fork arrest. Cell Cycle, 2008, 7(6): 796-807

[45] Chu W K, Hickson I D. RecQ helicases: multifunctional genome
caretakers. Nat Rev Cancer, 2009, 9(9): 644-654

[46] Rossi M L, Ghosh A K, Bohr V A. Roles of Werner syndrome
protein in protection of genome integrity. DNA Repair (Amst),
2010, 9(3): 331-344

[47] Grandori C, Wu K J, Fernandez P, et al. Werner syndrome protein
limits MY C-induced cellular senescence. Genes Dev, 2003, 17(13):
1569-1574

[48] Dominguez-Sola D, Ying C Y, Grandori C, et al. Non-transcriptional
control of DNA replication by c-Myc. Nature, 2007, 448 (7152):
445-451

[49] Robinson K, Asawachaicharn N, Galloway D A, et al. c-Myc
accelerates S-Phase and requires WRN to avoid replication stress.
PLOS One, 2009, 4(6): 5951

[50] Moser R, Toyoshima M, Robinson K, et al. MYC-driven
tumorigenesis is inhibited by WRN syndrome gene deficiency. Mol
Cancer Res, 2012, 10(4): 535-545



*272 EYUESEYYIRHRE Prog. Biochem. Biophys. 2014; 41 (3)

Molecular Insights of c-Myc in Cellular Senescence’

CHENG Qian, YUAN Fu-Wen, TONG Tan-Jun™
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Peking University Research Center on Aging, Beijing 100191, China)

Abstract Cellular senescence is a terminal growth arrest in the G1 phase of the cell cycle, featuring characteristic
morphological, biochemical, and epigenetical changes. Cellular senescence results from telomere erosion, DNA
damage, hypoxia, or oncogene deregulation, and it is one of main barriers of tumorigenesis. Proto-oncogene c-Myc
encodes a transcription factor that can regulate the transcription of many genes, thereby affects different biological
processes such as the cell cycle progression, senescence, apoptosis, metabolism, and so on. The c-Myc protein is
closely related to cellular senescence, and it has abilities to affect cellular senescence-associated genes (hTERT,
pl6, p53, Bmi-1 and p27) transcription. The activation of c-Myc not only inhibits replicative senescence, but also
can inhibit oncogene-induced senescence. The c-Myc suppresses Ras-induced cellular senescence with help with
CDK?2. The inactivation of c-Myc induces senescence in untransformed cells(such as human fibroblasts) as well as
in many tumor cells. However, similar to ras gene, under certain conditions, c-Myc can induce cell senescence, and

contributes to WRN gene-deficient cells senescence.
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