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Abstract

Notch signaling is a highly conserved signaling pathway in a wide variety of animal cells, which

plays an important role in stem cells biology. Cardiac stem cells (CSCs) are multipotent cells which locate in the

niche of heart. Notch receptors are distributed on the CSCs membrane and the neighboring cells express Notch

ligand, suggesting Notch signaling in CSCs could be re-activated under certain conditions. In the present paper,

we reviewed the composition and activation of the Notch signaling pathway, the definition and origin of CSCs, the

general biological characteristics of the main types of CSCs and the relationship between Notch signaling pathway

and the formation, differentiation and proliferation of CSCs, as well as the perspectives of CSCs in the myocardial

regeneration by CSCs transplantation.
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M, BT A g O LA B P UL AR i A P 52 40 i
I e A RCSCsH HH L B 1L O I 35 5 6 97
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G, SR IRCSCsE I 73 A RIS 5 55 1R I 42 L
A Tt — 2. % T Notchf Z il i 5 +
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i o A=) 2 D e % DA 5K, 1] W] Noteh 5 5 5 CSCs
Z A 2k R FE T CSCs IO L F A2 B4 4 B2 24 F
Fet S,
1 Notch{5 S 18 LH R FRELE

e [E] 1515 %% 2 Thomas Hunt Morgan1-19174F- 4
T T SRR S AR AR, JLRE R R A iy 1 A A
PRERAT . 19834, Y45 12 L W20 JB% A iy 4 B 1A R
BA51 1) NotchFE R v [ o 19T & IR, Notchig—Z87E
HEAE b B ORT 1) 2 AR a1, S Tl g 2 A
NotchZZ &, ik, CSL DNAZS & 8 11 LA KN 43
T, B P AR AE 1 Noteh 52 /4 (Notch) A2 2 i Notch
B A4 (DeltaflSerrate), 111 W 3L 21 #) 17 47 Notch3Z 14
(Notchl. Notch2. Notch3 FlNotch4) F15 Ff Notch
BiA&(DII . DII3. DII4. JaggedlfilJagged2). Notch
15 5N 4> 1 £ EONHES, KR 64N b,
HESIFIHESS5 {1:Notchil #% 1 A& # 1 Jil . Notch/it /4
52 AR S S TS BB T B 1, 5 T TR B 1 +H 26
S J R HEAT, T A0 M TR ) AH HL A fk A R T
NotchSZ A E [ MO/ X 55 155 DXRT L P [X 4 e,
oL P DXORI I AR DX 33 DAy v DR ST XA, M AR Xt 4
B ARG S AR BIEBAL, H129~367 3 B A K K-
(EGFR)FE L& e I 4, JErP e 11, 12 EGFRFE
EEITPHINFHEARMSE G Notchf¥ i Y X (Notch
intracellular domain, NICD)| 1 £ /> Tf € &5 #4358 41
B TN-5iRAMEE 14 X 61~ 4 J 43 24 8 19 0
10(cell division cycle gene 10, CDC10)&E & 741, 24~
¥ 5E A7 15 5 (nuclear localization signal, NLS). 1/~%%
SIS X RV 5 PEST) T4 (proline, glutamic acid, ser-
ine and threonine-rich sequences) ] 45 #J #5*), Notch
it & X 44 DSL(Delta, Serrate, Lag2)#5 [, H L&A
W, — R IEDeltattBLAE, 4 7EDII. DII3. DIl4;
Uy — 2 & SerratefE HLAK, 7351l 4 JaggedIFlJagged2™,
Serratetf FUAAAT — A& & F L2 R X 45, 1fjDeltatt:
P A4 D G aHE X S8l A iR = PiC A4 45 A I Noteh 32 44 LA
ETEA L RAFLE, 1 NotchSZ AR RIEC AR 45 7 5 AW
RBTE, 55— IR B H ADAM S5 ) 2 11 1 s O
HE IR % AL l§(TNF-alpha converting enzyme, TACE)
3, BB IR Bty Wb I 4 4L, B SCHNICD,
NICD# 12 & #% W /& i Notch F TR 5 18, 24
% M B Z NICDI, CSLAg s 5 M 45 5 #% W DNA
HICGTGGGAA, M i 4l | 7 & Al ¥ % 5%, Notch
5 W0 e, BEIUHNICD#S 12 21 41 f #% I 5 CSL4h

E (AN AR A CBF-L, K 5 ARBP-J, 2R 1 24 Suppressor
of Hairless, 2 5 NLAG1, H i Notchfz 5 i % 11 %]
BN 53 F), CSLIE I B 46 it B 41 42 Aul G ey 400361
TV AR Ry WaE A, JHE S IR0 7, W1+
# [1(mastermind/Lag-3, MAML), Ml & — & %1
WA . Bl P R eI A2 g (bHLH) 5% ik #% =%
+ fENoteh{F 5 & 11 e 1 E B AR, W FL sy
2 /D AT2PPHLHE [ 5K fiE #Notehifs 3 &k —
#&HES(hairy/enhancer of split) % %, — /&HRT(hairy
related transcription factor)ZX % . X ek K1 HEf
BB N> T RIS, 1B INotch 13 16
1] 7~ 5= Noteh {5 5 o AL o

Target gene inactive
ADAM
Jaggedl ,TAC Yy-secretase

—[ﬁ \ / — \CGTGGGAA

Target gene active

Cell Cell

Notchl 52 & HJagged 1 it M4 45 45 )5, 481t ADAM/TAC Fly-secretasefiff
STPIREUANICDIE N A k% N, 5 CSLIB sk 1 52 44, dkifi i3t
I 7 (CoR)FE 22y ILHAm I 1, B A8 A A 7 STMAMIR) 4 By
TR Kl (HESFI HR THE DR ) 5%

Notchl receptor binds with its ligand Jagged], then releases the NICD
into the nucleus via sequential cleavage by ADAM/TAC and y-secretase.
NICD forms a protein complex together with CSL and then turns the co-
repressor (CoR) into co-activator, subsequently to activate transcription
of target genes (HES and HRT genes), with presence of other factors
such as MAM.

El1 NotchI{F S ELHH REE
Fig.1 Schematic overview of the Notch1 signaling pathway

2 LEETEHBE(CSCs)
2.1 CSCsHAERKIR

FE G N, O A H A I A B o T 4
LA, A AE TS AN RE TR AN TR, X B0
JULN A P R AL Al B B S AH ) B o AR 10
R R AN IHEFCR W, ONE A7 e BRI 2
K S IICSCs, e~ AR 7 OB 2
A RETES . CSCsH AT I FR B B v P46 5E Je 43
0 g o I 5 A6 A0 IR 6 g, RT O WLAB A% J o 2o 3
Bk 5O E R, $E7m 0Nk 1 58 v g
CSCsi1 $ i & Wy e R 4EFE7. & FCSCsHI R I
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PP BER, — & CSCsARYE T IR I I AF A T i o
() P9 Y5 0 e, SX P CSCs il A WG T 40 bR &4
Islet-lo 5 /& CSCsAe s T+ Hh A J5 A0 s 40 il 4 5
AR TAME R T O 4. 78 RBAE M, O
40 P o B O A . R ER T
20 A0 ZH 20 T A0 e, 4 0 T 40 A o T
ek AR RIWYITIRAE AT TRV 1 w0
2.2 CSCsZEB T —fE YIFHHE

R FE 40 1 26 bR S WA E AL A ], O U2 20
HAEAEAN AR AL ICSCs. [H Y AMIFSE N B RFCSCsitt
17T ML IR, CSCs = BALFR U R JLANAY,
2.2.1 Lin7/c-kit 4m & Lin /c-kit 4l ffd /& % 5. &
LI — BECSCs, &R IUH R B £ 1T
MR, ZBE104 0 LA B b At A3 1 Lin/e-kit"
CSC. 20034F, Beltrami%5!"I7E i oF K B O N 43
25 H— P Lin /c-kit 41 M, 31X e 40 g B b 23 A 0
g o0 g Dy %= 3 o (base-midregion) X 1)) %
Y g ek OO UL S - GATA4 . Nkx2.5FIMEF2, 1H
AR A0 i R R AR L Y(CD34. CD45. CD20.
CD45RO. CDSHITER-119) K& V-3 W4l e P Bz 4
Wi AT YA M AR I ) B T o Lin/e-kit 4 Mo 7r 44
Al E e BE RS, JERea o LA . P
JULGH B P Rz 400 6, AT T LA S 1 40 LA AL PR
PEo 5, Bolli%E i 7 — I I RIS, 45
UESE, U FE J5 R A B A Lin /c-kit"” CSCs 1] 45 /M
SEIAR, AT GG 0 Dy R
222 Sca-I'#mfit,  20034F, OhZEUE BAFR /N 0y
IE LR 9 &I — FhSca- 17141 i, A7 T 0 E HE
BT E N . 5 e-kit 4l AR 2, Sca-lt
A0 I A R IENKx2.5, {H K IE O LI A % S R 7,
U1 GATA-4. MEF-2C FI TEF-1. Matsuura %5 U7HF5E,
Sca-1" CSCs£ A& 415 F Jo nl 43 A A O L 4H . O
JLHEZE 5 W% At Sca-1" CSCs/ia fEde i oL Th g, %
B A 22 3 S 15> BU(LVEF) L TF, A2 55 4% 3k R W 28 A0
(LVEDD)jik/b>, 7 2 Wt 4ii R JH A FA(LVESD) /b1,
223 SP4mfe.  SPHNMI SRR A4 M S AN LN g,
ST A A RAE 22 PN [R) e W L 3 4 o b R B —
UM UURTPRAH L, 24905 CoBE AN I 1% X SP4H i
[ 2 20 M &7, HiSca-1. c-kit. CD34. Flk-2F1
Thyl.1 KK E . 8 2§ bR SPAH M B i 210 L
FEBEI SR N, SPAH L o] YA 50 I 346 R 0
JULAR L O JUE L3S i JUL A AR RIT I 55 PN 5 40 i, 42

/NSPA L HAT 16 AR 4 0o LA R 5 20 0
JULP S5 SPAT 9 11F S B AT AL 73 A D e
224 SPUERARLIC 20044F, Messina 52! )\
FLBNPI L s AL =5 1 23 5 Y — A RR 4 CDCs(car-
diosphere cells, /U JULERAFE 41 )0+ 40 o, & —FF B
CNEE NI S E A g S R O R DN
LI 5 RV TN 11 i S g O
CDCs# ik -+ 41l JiL 411 5% T Jc-kit. CD34. CD3I,
CD45", Sca-1. Nkx2.5. GATA4. cTnlflla-sarcomeric
actin®!, BT AT 8 19— DI i R 3k 46 4 S IE 5K,
CDCsH% Hi BE /> UL ZE Sk R T AR - 189 0 A 58
U1 G

225 Islet-17%880  Laugwitz2PEHE /L. K
BUFH N B /0 I oh R BT 5 — F oK 23 4K R Islet- 1741
Mo A5 FT AR FL B L E R, Tslet-1740 i 3 2253
MRV IE . O 5 M A0 = %40 i K IANKkx2.5
FIGATA4, A~ % i5Sca-1. CD31 Kc-Kito Islet-1"41
WA BE N LR AE AR AR P A5 21, 78 AR A
W W 9D . Moretti 5RO FUE I, FL RO I
lslet-1740 M £ A4 4h BENS 20 A0 0 I N B2 1
W DR, RS A% K E NS R
Islet-1" 4 J e A5 70 SR O I 73 85§ 381704k
Lo UL B AN 2E

22.6 SHMERMERTAMNL  20045F, WesselsZEE
& H 0 A S5 1 RiT 44 41 )il (epicardium derived pro-
genitor cells, EDPCs) 1] i 4CSCs. 20074F, Winter
SEPST RN 0 5 21 23 4y B Y AEDPCs, 1% 41 i
% 1X0-SMA. vWF. SERCA2aflISCN5a, ifj /N 3 ik
cTnl. sarcomeric myosin&{o/y-muscle actine EPDCs
HAZ w3 AGRE D), RO a0 AT 4E i .
B2 A 0 0 o 1 T AL R R LA B A
I8 WoR, 7R AR HE EPDCs I A 4346 g 0o UL 41 S,
H ARk 55 43w A F B v D U B8 IS 10 T
RECY,

227 SSEA-1"#mft, OS5I HK RO T 4 5
HH o 2 A e, SRR RIS T 4 B A SR S )
SSEA-1%. i 4= K SUSSEA-1741 ffg [] i 26 iANkx2.5
GATA4Fllsarcomeric myosin, {E A& 7F 5 2K FilCa JIE R
Z A RO bR SIS o (EAASN, SSEA-1741
JL T oA A O JULAI L SP-TE AL AT LR P B 4 R
O U SE S 2 4, O WUREZE AL J) 83 S SSEA-17
JUE 40 i, #2411 40 )il S ik sarcomeric myosin, Con-
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nexind3 JevWE, $2 7512 40 H o] LA g O JUL 40 B A ifn 45
S22 B oAk, RS AR AN M ZE OV U UASE S8 T AR 46 /DS, SO
s D) RESE =

2.2.8 Nkx2.54mf,  WuZsB PN BURARCOE 2
BT BENKx2.5 41, eATT R K 2 T LAk
LA R 5 R A, A e mT DL ek
ST LN .

R AN ECAS [ R B 0 IE g3 )
CSCsR bR &M AR A AT S, W4 Thie Lok
H2ES T4 ICSCs, U8 T AR YE
W, WA 4. Ak, X T BRI ZE R CSCs 1)
HEWERR, WA R T — 2. ERINRZ
WF 9% 3 T8 £ T e-kit” CSCsP**, [ i, c-kit" CSCs
FCDCs OV HEANDIG ARIRIE" 2, R IMEHRE T ATk
T LA 2R T CSCs HIRFAE

3 NotchfES 5CSCsEYZ Z BIRIKFHR
Notchf 5% AT 140 o A2 4 % D) Re A7 A

R ZER . 7S IH A A A5 53R
WL 72 5 S A B B3 B AN [7], Noteh = A= IR 80 R
AR, FE 2] e 3 BRI 25 449, Notch
5 S I PO NE R iG & & i EEAEH, £
HOWU AL, O & 2 B . AT
Z W B A 3R IE —FF, Notehfis 5 78 H AR J5 IR0 JUE
HR R R IR KT B B BF K. Notchl/Jaggedln] i F. 3]
LA M S P T, B O LA B & B G, Notehl
T T 0 B WSS, 1O VLI T RE R R B
TESZ AR AR AR A i PRI B R o 5 o,
Notchf5 5 0] B FuE"2; 7 ot i, 40401
P Notch g 6L JE R 57 45 H, 149 #Noteh {5 5
FE IO BE AR, FE 2 A O I A 2,
Notchf5 5 FHlUE F 22 5.0 JL40 3 T2 RICSCs
12 T8 ) B 25147, W15 CSCsH4 5 A 43 4k, A2 13E 45
OB SE, Nm4eRr oA 2.
3.1 Notch{555CSCsH K

WF 53 W 75, TGE-PLAI ¥ il ik b f ] w4 4k,

1 RRAE OB T RS

Table 1 The characteristics of different subtypes of cardiac stem cells

KA e SEAL (e wintd A A7) E 27 3k
Type Phenotype Location Differentiation in vitro Biological function in vivo References
Lin /c-Kit" c-Kit", GATA4", Nkx2.5", Atria, apex and base- Myocardiocytes, smooth muscle LV systolic function ? , infarct  [13-15,34-42]

cells MEF2", Lin’, 0-SA, CM,
o-CA", vWF ", Fibronectin
Procollagen I', a-SMA

midregion of the ventricle cells, vascular epithelia cells size |

Sca-1" cells Sca-17, GATA-4", TEF-1°,  Adjacent to the basal Myocardiocytes LV systolic function t [16-18]
MEF-2C*, CD31%, CD38",  lamina of the heart
Lin’, c-Kit, Nkx2.5", CD34",
CD45"
SP cells Sca-1", c-Kit', CD34", Flk-2", Perivascular area and Myocardiocytes, smooth muscle ~ ND [19-21]
Thyl.1 interstitial space of heart ~ cells and vascular epithelia cells,
osteocytes and adipocytes
CDCs ¢-Kit", CD347, CD317, Sca-17, Atria and ventricular Myocardiocytes smooth muscle  Scar size | , regional func- [22-24]

CD45%, Nkx2.5", GATA4",

a-SA”, ¢Tnl"
Isll" cells Nkx2.5°, GATA4', Sca-1-,  Out flow tract, left ven-
CD31, c-Kit” tricle and atria

EDPCs a-SMA", vWF', SERCA2a", Atria
SCNS5a’, cTnl, CM, a/y

-muscle actin”

cells and vascular epithelia cells  tion t, viable myocardium 1

Myocardiocytes, smooth muscle ND [25-26]
cells and vascular epithelia cells

Smooth muscle cells and vascular LV systolic function 1 [27-31]
epithelia cells, cardiomyocytes
and fibroblasts

SSEA-1"  Nkx2.5%, GATA4", Desmin- ND Cardiomyocyte, endothelial and ~ ND [32]
cells smooth muscle
Nkx2.5°  ¢-Kit", CD34", CD31", Sca-1°, ND Myocardiocytes, vascular epithe- ND [33]
cells CD45", Nkx2.5", GATA4", lia cells and transduction system

a-SA", ¢Tnl” cells

0-SA: a-RELULILEN & (1 ; CM: DWUILEREE (5 0-CA: a- D ILNLEN 2 5 a-SMA: a- P WL 8 (5 LV: A200 % ND: RHE .

a-SA: o-sarcomeric actin; CM: cardiac myosin; 0-CA: a-cardiac actin; a-SMA: o-smooth muscle actin; LV: left ventricle; ND: undetermined.
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(EMT)[¥ L 75 F:CDCs ) 7= 459, [fiiNotchfs %5 5
EMTHT 5%, Notchfs 5 %00 IE & & (1) 8 2 1k 2045 3
RLF (1 e BHCTS81 4R H 57 5 A5 2 Noteh {5 5 % IR i
INF 0 I R B AR h CSCsH P A A AT VE T . B,
Zakharova25 4R 18, Notch 1135 5 % A0 A i3 1 4 K B
LAY P e-Kit CSCs & AEEMTIM i 9 L G 3, 1M
I 4FINotch 115 5 i 4 ¥ e-Kit" CSCsff) £ fig 1tk 754k
ANEEFR AT T, Jagged1'/c-Kit- CSCs 5 Notch1*/c-Kit"
CSCsAH H 4 /il 35 4L T Notch 145 5 HE iy 1 CSCs
TEH
3.2 Notch{E55CSCs7{t

P A 1 52 A IR A7 AE S A 2045 & 7 Noteh s 5 1
DA A1) B IR 280 Ak 00 T 40 PR A 3R 558 v 1)
c-kit" CSCs# 1l 3 Z & IANotch1 5244, . & [ 11 41 g
FKikJagged I LA, CSCsAH AR 4N M #% it J5 Notch {5
SO O, 3 AL R Notehl B 322 1 #4CSCsHNkx2.5
() 3 81 735 P, TE PR i e-kit™ CSCs2 4k g 0 UL 4
HB, A, Urbanek &5 P3HE— 20 UE 52, 18 o 5 il 2%
IENTICDI % b Notch 1% 5 J5 i {ig i c-kit"” CSCs4y
1 A O WL L. A B2, HINotchfs 5 BHL I 77 i DAPT
A A BT () COME, BHLE T CSCsar 4k R oIl g, Gt
FINTSCSCsIFE [ 6 fe Iy, M 00 & 5 ks
g5 FE A R R 4 sk PR OV UL, 145 148 I DAPT,
OER PR A D Re A3 LAY, B, Matsuda®5 P
T8 N c-kit"” CSCsTE AR % FE (34040 Hi/om?®) 15 77 I ] 45
U 2 R JL R AR, 10 AE 5 % (5 5004 Jfd/em?)
B5 IR0 B i A Noteh {5 AT 35346k P R 40
AR, 7 PR RS RELAER 535 158 5% 7 [ C SCs By 2 1 R 1
ArNotchfs 5 J0 5l 751 b # [1 CSCs ¥4 fig $RAF B F 1) 0
JUL G5 A Ty i o 38 200 R0, X A g — AN A R
Notch 5 5 JiF A4 I 6] 14 8] 1) 22 53 X CSCs 731k g
FJ5 ) AT EE ()50

O U BE X I35 3R 46 10 52 0K 1 32 b 22 4
PR AR AT o T g0 DX A R 468 00 U BT 3R
PR FE TR T, o 2 R O JUE 5 2 1) B Ay B 1 —
S0 ChenZ5 1V ey IR E 9% 4IF 52, Notchfs 5 il i
RBPIHK #8i (1) 15 5 38 42 3005 117 2 1ECDCs 43 46 Ay Ifi
EOT T LGN A, K BLCDCSIRBPIR IA 1 3% %
IRCDCs ] V3 L4344 1 48 9 RN I 3R IANICD )
CDCs i) P WL 4k 1R 30 W) 1 48 22, 42 7R Notchl
GGG AT ECDCs 2 0 il 5 A H AR . AR,
Notch 115 5 % 1L 1% FCDCs /L 11 41 g - A 4 2%

A~V LA MO bR 4, [R) It 3 08 A8 P B 40 g A
CrILEN bR & FE R, $ 7R Notchifi 46 7] LA 5 CDCs
% 1) 734,

B, AT BRI, 346 ) Noteh {5 5 fig
SR CSCs 73 A A O JULAH s -3 UL 40 R0 P
i, 52RO A M EEMIE R OI6E.

3.3 Notch{5 5 5CSCsig&E

Notchf5 535 AL i {2 FECSCs 4 5 « Nemird5!
5T o AL O JUL AN BT e R o R iE Jagged 1 ik [
INER, RIHT A Jagged 55 R /N B0 IE HHINK X 2.5¢
CSCsFFEEHAT, BT J5 12 5% 55 DR/ B LA Al 20
Z TX A RIS KN, Jagged 15 FE R /)N BUAE O
IS 8445 1 Sea-17/NKX2.5" CSCsH i A 2
3.4 Notch{ZS55HMESHIHEERZRITCSCsE
YIFINRERT =20

B T H 5 CSCsA= ) T g, Notehfs 5 ik
0 5 HARAE 5 140 B AZ it (crosstalk) K & 4 ) 4%
IR . Klaus“5IF 974 52, Wnt/B-cateninfIBMP
& 5 [ E A Notch/RBPIE 5 i 4+ 76 /) U i
CSCsAN A 73 AL B BOEAF o« Noteh 145 5 3 1 i 1R
{.B-catenin|fi] I #illB-catenin/) 5 [JIslet-1" CSCs ]
BB, BET I A0S PIBK/AKYF 5 fECSCsiT
AN ¥ AN NP 2 R LS Ay L
LA FRATH BB 45 R AR o, PIBK/AKtS 5 7E
SCF/c-Kitf5 5/t 3 fJc-Kit" CSCstRSMI R h A4 &
FAERT, 15 EAZ A o A R, Notch 5 PI3KAE
AR A H AZ Y, 7ECSCsHi Noteh 5 PI3KAF 5 &
W AFAEAH AT IR, W i = R

4 HFESRE

Notehf 5515 Jy A& 4 P Aot 72 o 55 (00455 55
348, b T LA AT P 1RV B BT TR
553, {HNotchfs 5 IR 4 5 3y fig EL A I )2 )
A, A S (0 A R 1 S 2 A 3
PREAKI Y. % T H AT ICSCs MR % %, 5
PRV PN E LS S LI S p o8
Uit A% % ICSCs K, W62 o4 K BUIE 75 LI
REESE T 40 L2 35K — il A T4 S 3 25 )
i ST SCSCSIIBT ST 7R, Notchfs Him 4k
A EREIL 2 [ MK 25 2 B0 LA S0 T, (H
Notehf& 5 #IHCSCs I ey 1735 43P0 R 58 1 Bl
AT T3 — Ak, B Noteh s 5%t kAR
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[ B CSCs W27 D REE Ml (1) 22 e R I i o LA
18; IEAh, Notchfs 5 5 HoAd 4Wnt/B-catenin, BMP+
PI3K/Akt ¢ Hedgehog % Ak 2 (1) 15 4 Jitd Ty fi 25 U1 AH
KIE T Z 1A VAR AT, AT 21 5 A T [ B
Y, BT CSCsHAE VA7 il IR O I3 2 B A Lo I
BRI AR, R A HRGE ¥ JLICSCs
FE R Va7 e 1A o JUE 905 (1R TR I A 0 P 45 2L B 25
FENO2 PR, YR A IRNotehf5 5 5 CSCs A
EINRERI R R, BN HUHERE L TR CSCsiR T
o JYURE E AT 1L A Co IS A O i A = 2 R e
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