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AFEFa s RShox28) R R BAR R INE B (F R K AT EMK., H N, Shox2+T vAid it 49 4|
NK2A! ] & 57 AE A B 5(NK2 homeobox 5, Nkx2.5)44 £ ik kA5 45 W%, VAL F £ 54k b Aedfm
JLegariE | RALIE A KA E . X EAR T Shox2 2 B 3t 5 542 K F FoAe i tm 4015 4499
FEAH], S —FIRRT G IE AR R, AL AT A A G SR RIS,
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Genetic Regulation of Shox2 on Sinoatrial Node

Development and Pacemaker Cell Fate

Song Yingnan, Li Hua, Hu Xuefeng*
(Fujian Key Laboratory of Developmental and Neural Biology, College of Life Sciences, Fujian Normal University, Fuzhou 350108, China)

Abstract The sinoatrial node controls heart rate, which is the primary pacemaker for the generation and
conduction of electrocardiosignals in the cardiac conduction system. Defect of this structure will lead to various
types of cardiac arrhythmias. Shox2 (short stature homeobox 2), a member of the homeobox gene family, is critical
for the development of sinoatrial node and its normal biological function. Mutations of Shox2 can lead to sinus node
hypoplasia in mice, which contribute to the symptoms of severe sinus bradycardia and cardiac arrhythmia. The mu-
tations in mice and human Shox?2 are also closely related to atrial fibrillation. In addition, Shox2 regulates a genetic
network through the repression of Nkx2.5(NK2 homeobox 5) to maintain the pacemaker cell fate in sinoatrial node
and thus plays key roles in pacemaker cells differentiation. This review summarizes the regulation mechanism of
Shox2 in sinoatrial node development and pacemaker cell fate, further explores the causes of atrial fibrillation, and
provides a theoretical basis for biological pacemaker therapies.

Keywords  Shox2; sinoatrial node; atrial fibrillation; pacemaker cells; biological pacemaker
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LFYEAL 3 2O LA, PRAF o 3 AL 35 TR 5
PRI, 255 &5 b i) AR A A P A2 DR RR O JUE B Y A, 44
O JJE IE B P BT AR Sk, X L0 0 M F) 45 405 70 Tl
RS FHOOLNE P AL T . DA D) RE 5
IR AR . TR, A K EEY Y. o1
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2 K e S R IR SAE B P 4 1 R B il R b il
A EEMER . HFFR R, /S R R S5 AL AE
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e 3 IR 0 5 s &5 TP KT ORI 734 0 28 Ok B B,
FYAMEA W TCUESE, /) BN Shox 24 B 1 5 B ¥ K
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FEARDIRE. EFEPE R B IR )RR 0] 5
B AR B MIE R DI RE I 4ERE, N — B IR R
J5 BURAE () 73 T AL A AR e 4 2800 9T S OB 1Y)
77 1A) B 52 FE Al

1 Shox2EERLEHIFIE A INRE
SHOX27ESHOXHE K ZX R s 1, 7€ AL T N335
gtk 1(3q25-26.1), A6MNAMNE T, HgmbS K724
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Shox 23[R 38 5 ] A8 B4 0] 7= Az = pj 7 A (1) % 5% 1
¥ R F: BlShox2a. Shox2bF1Shox2c. Shox2alIt %
) A 7 5 K, Shox2cik 2., Shox2bi 5.
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131N Z IR T 41 A C-3ii (1) 5523531 5524647 1) 22 5=
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OONEIER 7 1l o 1K =t M R4 35355 5 G i [ 905 S 2R
HEFL R (1) 2 FE R 7 41, Ho P B HESH3 4 & 45 M3, P-
LoopHf 4% H iR 45 A fr s FIC-uity 5 A 14N TR R 7%
HFHHIOAR (otp, aristaless, ras)zs fJ3 ™), &AW
FUUERH, Shox2 85 [ [ 1 42 J2k DR S 1 4% 1 &5 P 3 7
C-3iit, L2 R R B 240 s ZHEK-293 TAT A IR i 62 41 i
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Shox2 7 N B AR 40 il /R U20s H 3% B 38005 % S5 1)
VR U, 350 BH Shox 2 1 42 $E I [R] fr 4% 3t B e T 441

LA PR SR o ) Ah, BEREXUR ZE R GE A
ZE R, Shox2afE s 5 H & ¥ K R — Rkl 5
Shox2bJ¥ Jil 7 Y5 — A&, {H & Shox2b A & AN GETE ik
[F] Y5 — 544, IF BH Shox2a fIN-3i B A5 4 A A
TE A ELAE FH B2 A 0 B RS T RERY. DR T v DA
I, Shox2 42 I o 3k S ft < &5 A4y 4k 5 66 R 9 15 [X o
(R 7 AT S AR -EE AR A EAE . 1R
HgE4, IIMEEE . $0H] S0 sm e 5 R Rk, ki
AN AR E AR K E AT

2 Shox27E LA P HIFRIZIRT

RO W B R B ok AR, 78 iR 6.5 R
(E6.5), A0 T S RPN 1) A4 0o (cardiogenic plates)fif
G RNEVEROE, R WA A E — 0 X (first heart
field)!", SR [ I A v i 2 45 i X380 PR i 4 20 i,
2z N O [X (second heart field), 1xX L& {44 41 ffy
AN - DA S BB ) 18] 70 57 5 AR 20 B O T ) iR 4 0
(1] 5l ik #% (arterial pole)F ## ik #% (venous pole)!'',
Forb, HR N S Bk AR HH ) AR 4 B AR PR A S 0 X
(posterior heart field), 1X S8 4i il iz 242 &K B T LTS
DL 5 W5 T i 52 5 45 A e IR 32 (coronary sinus) A i ik
5F (sinus venosus). Mifif# ik (pulmonary vein) 15 4] b
(atrial septum)<5 it N1 25 ¥ (inflow tract)'],

ANBRUSE 5 45 1)K B 4R TE9.S, M5 L X
Bk 5 (%) 350 43 40 M T 46 S Ak, N2 T 1S s 4 D
Espinoza-Lewis%hd i J5 f7 42 52 FEAR KM [ Shox2
EANROOIE R IR G R R AR 458 K,
Shox 2t F-TEE8.5/N BV JiG 290 2 Jik A0 5L 46 0 s 1
LHAEFRIE . BIE9.5, Shox2 3% 1% J& IR 7E N\ JH,
TR S Hi AE S B K AN 7 ik 52 1) 58 AR TR B 32 A
(sinus horn)[X &k 1 ik, ME10.5%E11.5, Shox2{¥
1 5% 5 45 F1 52 (sinus valve) R IA", /NG &
B RIE12.5)5, BE3 52 5 25 i ik v 2 A (0 A B 3 B A0
34k, FFHEEE 0 K R T A A, SRR AE TR T
S FE IR HB X A Shox 24 R G2 A 5 b 45
()<< 38R < Jrg 308 AR O T A O JULZH R RE
BRI AINIo2. 510 232 Jr PR T 552 o 45 1) R X i1 14
(Kl2). Espinoza-Lewis%5 1) i 57 ik i — 2 4 B
1 Shox 2t /1N BB 58 5 46 vh (1 48 i AN e 1 74k
NEEANNE, RN NHend. Thx3 N lslet] =540 il
PIbR IR R AR 32 s 4 B RRISTH R, T Cx40. Cx43
S Nppa=5 > JULZH 0 0 R S 8 s 10 2k DR 8 O Ak 1 S
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RLFRIE, X2 FEUNR OB 8 KRR BB JE A .
1% 256 25 B 5 Liu% " fliBlaschke 5V 25 S — 2,
XN, Shox 2%t 52 b5 45 W K & FITh RE4ERF B A I
HIEER

3 Shox23IEFEHEXBRIAE
WESEFEERBNT TESME+SENR,
S Shox2. Nkx2.5. Hcn4. Thx3. Cx40. Cx43%:%
LR 2 SR AIA BAE A . FRATT 5L = A AT
W TR I, w R Shox24x T 8E12.5/N R B T 0 glid
R E R B AR MFE M T, Shox2i@ it

1 Nkx 2. 575 52 Jp5 25 1<k 3 1 2R 05, B R 52 )5 45
AH AN 0] 0 o O LT TR BEAT 234k, AT 4 455 52 o &6
M IEF A FITNREE T, thAh, WieseZE A FLIEHA,
Thx3 1 F A 01| Nkx 2. 575 52 i 45 Sk h R 3K, FF
O R AR DI CX40. Cxd35 15 35 i 5 1 %
15, WHORSE B AN DAL ThRE . X3,
Shox2F1 Thx3 W] fe 3 ik W [F] /F F o 3% [7] 4100 il Nkx 2. 5
TE 52 5 G Sk 208, MR IR 52 55 45 (0 1R W K
Ho Th, FATE K I, B FHNix2. 57, Shox 2"
/INBRAE Nk 2. 5 it 2 35 1 248 B v 2% AR M rst B Shox 2 5,
2> SR i A5 R R Hend 6 38 W 2%, TAE O L4

1 331
Shox2a [ ] 0
132
| B BEEE
100 235 246
Shox2c [ ] . [:] -
[ ] Homeodomain
. SH3 domain
E] P-loop domain
- OAR domain
1l Shox2ZEALHRREEI(IRIESE THEK[7,9112%0)
Fig.1 Schematic representation of Shox2 proteins (modified from references [7,9])
(A) (B)
RSVC LSVC
| SH I Q PV
IFT SAN/
m— Nkx2.5"
=== Shox2"Hcn4"*
Shox2*Nkx2.5"Hend*

A: E9.5K, Shox2[FZik JRIR T M NE MG X8, B: E14.5, Shox2F1 Hend{r S5 i 45337 X I8, 7. A5 Bk, S5 UL s kit ik, [H
HF G B Shox 2« Nkx2. 5 F1 Hend 5 55 5 £ 1 B i At B ik o SL [ 3608 . IFT: i NJ&; SH: 52 44; SAN: 5545 RSVC: A Lk, LSVC: £ &

Jis e ik, PV i ik o

A: Shox2 expression is restricted to the inflow tract and sinus horn regions at E9.5. B: At E14.5, Shox2 and Hcn4 are co-expressed in the SAN head re-

gion, left and right superior vena cava, sinus horn and the pulmonary vein. Meanwhile, Shox2, Nkx2.5 and Hcn4 are co-expressed in the “tail” region of
the sinus node and in the pulmonary vein. IFT: inflow tract; SH: sinus horn; SAN: sinoatrial node; RSVC: right superior vena cava; LSVC: left superior

vena cava; PV, pulmonary vein.

B2 Shox27Efg D IE BV FRIER A R ESE STH 4, 7112250

Fig.2 Schematic illustration of the expression pattern of Sh0ox2 in mouse embryonic heart (modified from references [4,7])



504

[

Working cardiomyocyte

Pacemaker cell

Atria

Sinoatrial node

B3 Shox2FNkx2.57EE=RLER
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Fig.3 The relationship between Shox2 and Nkx2.5 during sinoatrial node development (modified from reference [6])
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HMINkx2.5 B A K & A8 [7] ) ¥ Ik IDNASS & £7 5%,
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A, AT 75 5 40 Pt ) JEC 4840 B 7 17 73461 Boogaard
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AT 4 30 ]t 0 22 AR 4/ A GO JULAH 23 A AR
KB HE PR AT AR ) 1 45 67 s, 4 a0 Thx 3FN Nkx 2. 5k
Af DL 5 4 45 A AR O LA bR ie Y SenSa
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“HEARWIGE 1R S IE 80 LTS, N2,
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WA TR
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108 3o B v e AR e 00 i ik v Shox 2 [ 4 248 fif £ PR
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SECRAL R ST AT T — R,
5 Nk 2. 53V 28055 A J DR /) B8 b S S 48 A (0 T Bl
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RS FE DR/ R P R S R B Shox 2 J, S AR 4 r
T 2%, e KO L2 0 B ) i s AR R s X AR,
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Jik O LZ th ik, AT 5 Shox2 B #5245 & 3401 Shox 2
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TRCNAR P, JUIRT e MGHT R £ FE 33E— 2D T s B )
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