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[(BZE] HWY B/ a)IR &35 R WA 2 (short stature homobox 2, Shox2 ) #h 5 3 PRI X K B i 7]
FE T4 ( canine mesenchymal stem cells, cMSCs ) {RSME LI . Jiih 4y Bs3E R R AHEIR] 72
Jo T2, PG e P b A8 5 75 204K pLentis-mShox2-RFP % pLentis-RFP 53| 4L 55 3 X ¢MSCs, I
BEFEYL ) cMSCs 5 3 B0 JL4H MY (rat ventricular myocytes, NRVMs ) 3% 35 0 528647 4 4. A 4
(RFP-cMSCs 41) B 41 ( RFP-cMSCs + NRVMs $:555%40 ) (C 41 (Shox2-RFP-cMSCs 41) D 41 ( Shox2-RFP-
cMSCs +NRVMs Helr3Ral) o HREFREFI0ME S d Jo , FIHIEERS 5 %) ¢ MSCs #EAT 204k , 12 FH 42 41 i fi5
BRI 5 5 8 1A 1) P 8 Bl ) SRR, 3 T 2N 5 5E Bt PCR  Western blot £iil] HCN4 [ Thx3 ,Cx45/
43 Nkx2. 5 Zbp s A K mRNA FIEE H B R B G O, JFAT 2 206kl &5 Western blot ¢ RT-
PCR #5325 R 7, D 241l Shox2 \HCN4 [ Thx3  Cx45 5% i 45 4l U Fe = P 5 R A 3R A5 A (B .C 4] i
Him (P <0.05) ,B ZH40H0 Cx43 Jz Nkx2.5 % C.D A A0 B B3 55 (P <0.05) ; S g w45 R s, 78
Shox2 FEPHIHHEAERTT ,cMSCs A5 HCNA4 i 18 A5 Ji; I b |E A I 25 2R 7R, €D A4l ™= 4= 7 RA U R
R IF] - R, R AR P PN o) F 3, ELXS AL O Cs ™ 0K, A5 5 BB 0 TR B ) ARk 5 T A B2 R A
ML, 258 4 mShox2 SEFUEMIMY cMSCs Sl ARSME S, 728 TR B 7 LIt M Rk 5 4
FraR BN, i nl AT — € B E3hRE 1 052 B4 rE i 1k
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Expression profiles of HCN4 in canine mesenchymal stem cells after Shox2

transfection
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of Interventional Cardiology, Southwest Hospital, Third Military Medical University, Chongqing, 400038, China)

[ Abstract | Objective To determine the effect of exogenous gene short stature homobox 2 ( Shox2 )
on the differentiation of canine bone marrow mesenchymal (c¢MSCs) in vitro. Methods  ¢MSCs were isolated
by gradient centrifugation, and the cells at passage 3 were transfected with the lentiviral vector pLentis-
mShox2-RFP and pLentis-RFP respectively. Then the cells were divided into 4 groups, that is, the ¢cMSCs
transfected with RFP ( group A as control ), the ¢MSCs transfected with RFP and co-cultured with rat
ventricular myocytes ( NRVMs, group B), the ¢cMSCs transfected with mShox2-RFP ( group C), and the
c¢MSCs transfected with mShox2-RFP and co-cultured with NRVMs (group D). Patch-clamp technique were
introduced to detect the I, current characteristics, while qPCR, Western blotting and immunofluorescence

assay were used respectively to test the mRNA and protein expression levels of HCN4, Thx3, Cx45/43 and
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Nkx2.5, etc. Results Western blotting and PCR results suggested that the expression of HCN4 , Thx3 and

Cx45, mainly expressed in sinus node cells, were significantly higher in the group D than in the other groups
(P <0.05). Meanwhile, the expression of Cx43 and Nkx2.5 was remarkably higher in the group B than the
groups C and D (P < 0. 05). Besides, immunofluorescence assay suggested that Shox2 promoted the
generation of HCN4 in the cMSCs. Furthermore, the patch-clamp test indicated that the ¢cMSCs in the groups
C and D displayed a hyperpolarization-activated inward current that was highly sensitive to Cs” and showed
obviously voltage and time dependences, which met the I; current characteristics. But no such current was
found in the cells from groups A and B. Conclusion

¢MSCs transfected with mShox2 generate I, current and

express highly the sinus-node-cell-like genes, which indicating that those ¢cMSCs are successfully differentiated

into sinus node-like cells with pacing function.
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FEE AR A TS B PAAZ A IR T 4438 38 (hyperpolariza-
tion-activated cyclic nucleotide-gated channel, HCN) [
BELA A B HONA 72 HoAy 5 i 2 #8870 (funny cur-
rent, 1) J&52 b5 45 4 4 1) B 3h 2 A0 TE i) G B 3R
L HBRFERTIE R, — R 51 58 HON S IR 1Y
A WP R S0 Ty v, HRAS TT R A bt A RS A
P B TR T REE AL B R B4 Y ]
D A i A T 1 8 3 30 T TR S AR S A )
EH TR A B 2 5 IGO0 % 75 Y 2%
/N B L R P Y 2 (short stature homobox 2, Shox2 )
AEAZ 1 2 Nkx2. 5 FFA &L il HON4 9k, 20
PRIV O M 200 0 1] 52 B 45 A T AR [ AR O JUL AR L 53
TRHY AR Z ™ DR, A Shox2 41 hy i s s X
TE TR T A BAT — & D RE Y 52 Ps 454N
M1o3Ak A U P ST — R BRAR B 4% . ASWF TR
PSR YRR f H YL Shox2 & 5 E R B 4
[&] 75 5t T 40 )i ( canine mesenchymal stem cells, cMSCs )
ROSEE ZH B 5 L B0 WL4H Bt (rat ventricular myo-
cytes, NRVMs) 55 377 G Fo o). JIE 2 A 240 i 20 1L
DIKGIAE Shox2 FEPIRREME T eMSCs Az BEA A4 fi /Y
B TR AR Shox2 J PR Sy A b 47 5 A 1Y)
ATRETE .

1 #MRE5FE

1.1 E£5%3hh

AR 1 ~3 d i1y SPF 2% SD ZLR B 20 H (445
50 ~60 g) , fEREAAFER 1 H (KRBT 10 ~ 14 kg) , HEAfE
AR, 2R = FEBE RS S oAt
1.2 £ ZMEFRA

G4 1L (36 Gibeo A 7)) 5 -MEM B3 375 | Jg

fiff ( 3£ [E HyClone /Ay #]) ; PCR X5 & ( HA< TOYOBO
AT BTN Shox2 Z FEREHTIR R K HCN4 £
SEREHUIA BT Nkx2. 5 ZrefEHTA (J2E Abcam 24
A)) s RPUREER I [ 43 (Cx43) (45(Cxd5) £ 3¢
REHUIA BT R Thx3 £ ST (3£ [ Santa Cruz 24
A ) s 2GE B BB (H A Olympus 24 7)) ; Zeiss
LSM710 JHOEIE 3R £8 W3 BE (18 Zeiss 22 7] ) 5 Axon-
patch 200B Ji& 8 i K #% . Digidata 1440 AD/DA §% ¥
#r (£ E Axon 2H])

1.3 sE&drk

13,1 RERER e A saith bk
AR R A, 2 BEOSCHRL 6 ] R % LM 3 iR 85
I BEVE 3 5 1 eMSCs , B R AR 7R A8 AR, AR K
HE RS 3 AR & .

1.3.2 BiRHHREEE HRHE NCBI /)N, Shox2
mRNA J7 51 #4) G 40256 18 15 4014 pLentis-mShox2-£1 ¢,
9 W63 [ (red fluorescent protein, RFP) % pLentis-RFP,
AR NI RN B AR P2 B R T I S 30 v 40 ff 4
o TRANTT <A A 4 P 5 R 3R A5/ B Shox2 1
IS X DNA 731, A BamH 1 fil EcoR 1 %} mShox2 &
LT 5 I 9 75 28K pLentis-CMV-RTP-SFFV 317 fiff
DI, DSCREEDD 710, 9K 05 T, DNA 34 5 il 12 5 B804 A
mShox2 1) %5 [X R Bt , 3% 45 7 W 5% A IS 25 AT, Bk
W S 1 vE e, B SR I ER IUBTRL , SR J5 # PR A TR V)
PASN e 5 5, ff 7 # E IE 1 1) 58 % ( pLentis-CMV-
RTP-SFFV-Shox2) F T~ J5 Ak 52 5 . 5 FH il R 805 A Y ik
e g 293 2 i £ 25 18 o B UKL , WCER 1 2 ] T T
AR AL O

1.3.3 {8 ap/le cMSCs OO B K2R 3
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£, cMSCs 434 4 41 : A 41 ( RFP-cMSCs 41) B 41 ( RFP-
cMSCs + NRVMs #1354 ) | C 41 ( Shox2-RFP-cMSCs
2H) D 4 (Shox2-RFP-cMSCs + NRVMs 153541 ) .
KA EeRh T 6 FLA, 1.0 x 10° /4L, 7E 37 € 5% CO,
SRS P A 7, 2 A0 LGS B 60% @il A S e, 7R
MOI =20 4 JUr i 95 B 70 A I A KRS F2 9 P, B LR A &
S 1 mL RS0 BE W - A L 7S A ek, SR A PN 8 7
24 h 53R TR, 72 h J5 9O AR T IS
BEREI &

1.3.4  ZLELO LN S8 57 BOog A1 ~3d Wy
SD FLAR B RTC A A4 T BU O E, & T 457 4 °C
T2 %) D-Hanks ¥, KA 0h e 3 W), MRFL 57 535 A
1 ~2 mm® AEFEEE, A 0. 1% 11 % J5 g 1E 37 C
AV HIEAL S min, 3525 _E W PRI RS I B EA T
STUAHAR, 20 min/ YR, WSAR BRI AR IS 1 EAE R,
1:1 FEmA o-MEM 58 43555628, 25 200 H i (¥
ST UL A A, 1 000 r/min B0 5 min, 3 3,
PG 535 97 2 22 U BE 30 min, 4R B IETHEUG #%
FiF 100 mm £35 M, 37 °C 5% CO, #5324 h )5,
P G FH Y cMSCs $c B cMSCs - ZL RO LA 1: 4
1) ELBMA R B SR LA T 55 55,5 d J5 7 5 pg/mL
WS 2R NI 16 72 h, PBS sk 3 Uk, WOAR A7 I B
i Shox2-RFP-cMSCs 5% RFP-cMSCs #1757
1.3.5 s+ RT-PCR 4347 TRIzol 5 i ¥k J5 41
LN A B RNA it 28 68 30 7 i 8 5% 5ol ¢DNA,
F IR SYBR LS50 2 E & PCR A & M Agilent 2y
] Stratagene Mx3000P SZH}5¢ 5 8 PCR A 15
B AT SCUe R L B I 1,

®1 JFEAMSIMFIRREKE
B S1WIF

P44 B(bp)

_Fif 5'-ACTATCCAGACGCTTTCATGCG-3’
mSho2 192
Fii# 5'-TTCGATTTTGAAACCAAACCTGTAC-3’

B 5'-CCGAGCCTGGTAGGAAAGGG-3'
oNk2.5 120
Fii# 5'-AAATCCAAGGGACGTGGAGACA-3’

Thi [Ji# 5'-GTAAGATGTTCTGGGCTGGATAAA-3’ 167
c
Tl 5'- GTAGCAGGGCTGTCTGGGTG-3'

_Ei# 5"-AGGGCACCATCGGCAAGA-3'
cHCN4  — 186
Fi# 5’ - CCACGCTCAGCGAATACAGG-3!

s i 5'-CAGCAGACTTCCTTGCCCTCATA-3’ -
o Ui 5'-CTTAGCATTGGACAGTTCGGTGT-3’

a3 [-3## 5'-TGCTATGACAAATCCTTCCCAATC-3’ 7
clx
Tl 5'-GCCGTGCTCTTCAATTCCATACTT-3'

i 5'-GAGATCCCGCCAACATCAAA-3’
c¢GAPDH X 146
T 5'-GGCATCAGCAGAAGGAGCAG-3’

1.3.6  Western blot il Fi RIPA 2% W 32 BL
cMSCs #5285 1, BCA 350 & I & vk &, BB 1T
SDS-PAGE Hijk, E#E 30 we/fL, ik )5 56 #5 = PVDF
B E 5% 4 MiEE A E=RE A 1 h JEIA—dt (R
Shox2 \HCN4 | Nkx2. 5, Thx3 , Cx43 , Cx45 #1 GAPDH )
4 C AR FE LR, —PiEE 1 h,
1.3.7 S dOuka il H cMSCs il il 40 L€ ),
4% 22 B2 2= YR [ %€ 15 min, % 0.2% Triton X-100
F10.3% H,0, i H EEA W E ] 15 min, L2 . 35 35 4
15 min J5 DA —HL (HR Shox2 (HCN4  Nkx2.5 ,Cx30
Cx45)4 C i, ZHUEIRFE 1 h, STy ei K E )
B, BOCIL R BB
1.3.8 A2 it 158 7 B AG W LB 3R J5 #Y MSCs
TRCAHEGAE  HEGAN B M, v AR BRI, S v i
WIS BEBT N 4 ~6 MQ, Z iR 45 HI7E (25 + 1) °C, i
Clampex F8 7R AE , B IS B 7 UaEAT v AT IC %, B o
fii =30 mV, 25 T {E - 40 mV F| - 160 mV i} 1L
Jikdr, 6By 10 mV, fg 5 A E] +20 mV,7E +20 mV
AR R LI o R S T A A0 I A, B
AiC B B ] pCLAMPIO. 1 B4 9 17 40 B, IF 1
Boltzmanne %2 1,,,/1,,, =A/{1.0 +exp[(V=-V,,)/
RIS T f U B9 3800 il 2R, OF SR 380 1 =1 0TS A s
(Vi) BRI BRI (K)o
1.4 %itso4

NLF SPSS 18. 0 GEit i, il i x =5 Fom . 4l
] LR FH R 2R 7 22 07 o

2 #R

2.1 cMSCs #4979 & SR A% g A4 4 MSCs 095k &
cMSCs 42 P3 i, B 3eAAifb, AT KR
W NI, Jroebhiy. B EEFE 4 (MOI=20)72 h
J5 4 4] cMSCs FE Y R ml Lk 5] (85.0 +4.5)%
(n=5) IRTEE YL Re U . MBS R AR TR %
UL B S A
2.2 #HFrakanieid 5 A% A E mRNA 69 & A
Shox2 3 A %% Yt 5 I, Shox2-RFP-cMSCs #H &
Shox2-RFP-cMSCs + NRVMs dL8% 5% 20 ¥4 1 F¢ 35 Shox2
Shox2-RFP-cMSCs + NRVMs % 52 40 41 iy 28 3+ SLBe 34
WP IG O EAL 5 R G0 S P ] HON4 | Cxd5 |
Thx3 422355 HAb 41 IA S34m (P <0.05) , 1 Nkx2.5
K Cx43 Py FEiR% RFP-cMSCs + NRVMs L% 3% 24 A
B (P<0.05,8 1),
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1:RFP-cMSCs 41;2:RFP-cMSCs + NRVMs 3% 75 28 ;3 ; Shox2-RFP-cMSCs £8 ;4 ; Shox2-RFP-cMSCs + NRVMs 3% 77280
A:Shox2 8 ;B:Thx3 A H ;C:Cx4S & B ;D:HON4 2 E:Cxd3 £ H F:Nkx2. 5 £ K
a:P <0.05,%5 RFP-cMSCs #8}b%5 ;b P <0.05,5 RFP-cMSCs + NRVMs 2327k 41 3b45 ;¢ P <0.05, %5 Shox2-RFP-

cMSCs #8314z

B 1 4AMEHEXERER mRNA RiX

2.3 AFErmMEmREFEMAXRG YRR

Shox2-RFP-cMSCs + NRVMs 5% 5% 41 441 Jifg #H ¢
11 HCN4  Cx45 , Thx3 1321k %8 RFP-cMSCs B i
o, TAEO U AE G 1) Nkx2. 5 J Cx43 % RFP-
cMSCs + NRVMs 3572240 B B BRI (&1 2) o

12 3 4
Shox2(34x10°)— e ——

HCN4(129x10°)—> o —
Cx45(45%10°)—> -
Thx3(80x10°)—> ——

Nkx2.5(35x10°)—| .
Cx43(43x10°)— |-

GAPDH(36x10°)—
1. RFP-cMSCs #1 ;2. RFP-cMSCs + NRVMs 3t 3% 7 28 ;
3:Shox2-RFP-cMSCs 21 ; 4 : Shox2-RFP-cMSCs + NRVMs
B i1
2 Western blot #ill 4 ZHZHEEXEHKIFKIE

2.4 Rgr Serenl HONA 838 3 g g Rk
SOOI R AR WA A R /R, Shox2-RFP-

cMSCs 41l Shox2-RFP-cMSCs + NRVMs F 5% 54 41 41
44 HONA SEIE 8 I, LR 20 M B 2 T 25
4347, RFP-cMSCs 2H #l RFP-cMSCs + NRVMs 34
FRAALIL RFP 2R3k, o HCN4 B (E 3)
2.5 Shox2-cMSCs #% % 28 &m fit, 04 38 38 v, i M) 2

S 20 B B A R R 5 Y Shox2 Y Shox2-
RFP-cMSCs 21 #11 Shox2-RFP-cMSCs + NRVMs 3L 3%
LHL 240 ML 14T L2 S 380 AR B 1 DA Il L R I
ELA WY I A [] B F AR R (181 4A) , X Cs ™
JE, S A LS P A CsCL(4 mmol/L) BTG , 1%
PR i) FE 35 B BELIKT , 44 40 L /18 v ) CsC gk e i f L 7Y
Ii] L SCIRGER S (T 4B C) o AR S 3 1 2 L Ik
AP 1] L AC O 2 (1 4F) Rl s o7 (1 4D
E) AT 5, A B B S g Bs (£ 2) o iYL
UL RFP 1 RFP-cMSCs 20 fll RFP-cMSCs + NRVMs 1t
il anie, PR R8I0 SR LIS i Y Il B TR
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#& 2 Shox2-RFP-cMSCs ZHF1 Shox2-RFP-cMSCs + NRVMs 1235 78 4 f f& - $H #04E
a5 Fart R R JEEH 2 LA PRORKIM ppe A RIS LR A
ZH7 R
(%) (pA, -140 mV) (pF) (pA/pF, —140 mV) iFHLE(mV) W (ms) (mV)
Shox2-RFP-cMSCs £ 15(3/20) -1014.6 £17.8 24.0 £6.5 -41.3+7.6 -92.3+6.2 -16.7+1.7 421.0+61.0 -27.4+3.8
Shox2-RFP-cMSCs + NRVMs
76(19/25) -1078.1+13.4 24.7 +£7.8 -43.6+5.3 -89.4+3.7 -16.3+1.5 415.3+58.0 -28.9+6.7
MHEFRH

20 pm
—i

20 pm
—

A ~D:RFP-cMSCs 48 ;E ~ H; RFP-cMSCs + NRVMs 3% 7728 ;1 ~ L; Shox2-RFP-cMSCs 28 ; M ~ P Shox2-RFP-

cMSCs + NRVMs k3% 741 ;A E I M:DAPI;B F J N:# #m &4 4 6940 & % % ;C .G K 0: HCN4;D H L,
(HORER & B MABL)

P.ex B
3 4 EGRRERERN HCNY BB E B RIE
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~180 -160 —140 -120 -100 80 60 —40 -20
+20 mV +20 mV B (mV) 0000110
B - 00O OO
=30 mV %—’730 mV 30 mV =30 mV o 200
-160 mV
N : ~160 mV -400
—_— CsCI(4 nmol/L.) —
. . = -600
T el &
B -800
< A2 g
- L X AL ® ~1000
- @ o CsCl(4 pmol/L) ©
500 ms —— e —-1200
400 1.21
300 1.0
+20 mV. 200
=30 mV = -10mV 0.8+
-150 mV —=—
0Om /ﬂi" £0.6]
I T 80 0 49X 20 P 20 40 3
L (mV) ~100 Bt
< = -200 0.2
ol = .
& 500 m ) & 300 ) ®
F _400 ® ~180 -160 -140 -120 -100 80 -60 —40 20

L (mV)

A :Shox2-MSCs 2.3 2] 69 1 &) %370 ; B CsCl PALET e 2 i C: B - R £ ;D . @ik b 4o, E. S s L L wh & ;

F.l b st id wh 4%,

4 [R R SRIIE R BBV B AR BUE §9 P9 E R IR R AR K £k

3 itig

Shox2 K& PR 4 & B 5 AR O Ik & & 01k 2%
VIA S B st B F . FER IR O E & B il f v,
Shox2 & 76 SR AR X 38 0 4 S pE 2k, e g g 5
# Nkx2. 5, Shox2 i[RI Toak =4 8% Nkx2. 5 1E %
S5 SRR B S P A5 K R B E A2,
HCN4 i1 Thx3 1) 2 ik B & R AR, 00 JUE 48 20 01 R 0 12
1M Shox2 FEA7:0r B X I 1) S0 2235, -5 30058 B 45 X
YR AT LA, Shox2 5 [H ) 1F ik,
JENRARIHYISE P 45 1E % & B BB

FENRRG O R & B B b, S8k Thx3 1 X
RO AL S A e N D S S 25 5 M
B PR T Nkx2. 5 B BRF AR O LK 8 %
LT RRF BN T BE R A
Cx43 I Cx45 11 32 B2 X JI 78 5 B A5 5 18 A
], Cx43 HLAA R ML Sk, ) 2 AR s S5, 42
HE T AR LGN 33k 5 Cx45 BL SRR, BETE
A WA A BT, FEEAEAL S RGN FET . A
WFFEEE HIY) Thx3 \Cx43 | Cx45 %55 b7 45 A M br 1
AT WS, 5251 Shox2 JE[R B4, 1T LA FH o
Y5 MSCs 4 1% 7346 )5 1n] o

MSCs 1ER—FpE T HUb 2 T o0 B35 3%, FRAR Y
HEUEE P40, BAT Fae 1) B 38R RE 1 AL £ )

ORI BE , PTFER N AR R S 07 ik R (k243 |
WSR3 O LB AR AR k) 4y
BRI . ERA iR RS ik, Rl
MSCs S bk TAE L LATM , F-ASREA: LA B £
SHRE SRR IEREN M, R Ut , 0k AT AL R s A
(1) Shox2 FE[R S 22X {2 MSCs (i) i % 41 i 431k,
A DA R YRR T A —Fh b i S %

A 5 2R 18 5 5 2 14 F Shox2 3 [H] 4% Yy 5]
cMSCs (BRI 2, B 1k & F H Shox2 5 A ) i 452
YER , #£ cMSCs 5 NRVMs 53515/ fhad fe v,
PERE cMSCs [i) HA HH X 58 48 e T B 10« 52 s 2 1™
YRSk, A EALAUKEE HON JE R S LY B 1
Wi, PR EERBR UK Shox2 kP A iE MSCs
AL, F R BE I MSCs 58 445 %0 Hh [ i #8 4F
oAk, RALERE YL T Shox2 FE K A4 ] Bk - 5k —
SE ML T5 S, MSCs A BEET MW AT B 1
FEL AR 1 5 T PR AR A 1) A AR A0 G 1 T L 3=
ik HCN4 Thx3 \Cx45 S¢57 5 45 bR 36

g8 BT O UM B R S 40 T, 5 AN
FE[H Shox2 11y ¢MSCs i ik F ik HCN4 JE[H 7= T A )
B TR 1, 05 T — & AR ag, sl m 5 44
FEAIA AL . (HEFHRAFR R DR & B REAE T
PRINZERE A TR — 2B R Y SE B B0 TE . FRATTH 4k 22
FIFRERS 2 %38 Shox2 i MSCs JEATSh #1525, 5 Uk
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