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Abstract Objective To investigate the impact of variations in RNA-binding motif protein 20 (RBM20) and muscle-restricted coiled-
coil (MURC) digenic heterozygosity variation on the structural and biological characteristics of human cardiomyocyte AC16 (an adult
left ventricular myocardial cell line). Methods Cardiomyocyte AC16 cell lines were constructed with control, negative scramble, wild-
type, MURC single-gene mutant, RBM20 single-gene mutant,and RBM20 and MURC digenic mutant groups. The localization of RBM20
and MURC in cardiomyocytes, cell area, cytoskeletal arrangement, cytoskeleton-related proteins, cell polarity, and intracellular calcium
concentration were observed using Western blotting,,immunofluorescence staining, and reverse transcription polymerase chain reaction.
Myocardial apoptosis was detected using flow cytometry. Ki-67 staining and wound healing assays were performed to detect cardiomyo-
cyte proliferation and migration, respectively. Results Digenic mutations had a more pronounced impact than single-gene mutations in
RBM20 or MURC on the structural and biological characteristics of cardiomyocytes , manifested by increased cell area, upregulated mRNA
expression of hypertrophy-related genes, such as myosin heavy chain 7 and alpha-actin, increased cytoskeleton disturbance , decreased flu-
orescence intensity of cytoskeletal proteins B-tubulin and Vinculin (all P < 0.01) ;increased fluorescence intensity of the polarity protein
Part 6 (P < 0.05) ;and significantly elevated cardiomyocyte apoptosis rate, decreased proliferative activity,and elevated migration rate and
intracellular calcium ion concentration (all P < 0.01). Conclusion The digenic heterozygous variation in RBM20 and MURC may induce
changes in the morphological structure and biological characteristics of myocardial cells,including increased cell area, cytoskeleton dis-

turbance, cell polarity, increased apoptosis rate and mobility , decreased cell proliferation activity , and calcium processing ability.

EETE EEA HABEEES T LI H (2020J02058) s R EA B BIHHEG %415 H (2023Y9276)
VB EN 2577k (1988-), L, FIREEIN, 1+

BS1EE . #5104, E-mail : wmhf0327@126.com

Y F5 B H#1:2024-01-18

) £& HH i B 18] < 20241010 14:39:12



108 Z=TRAEEE. RBM20FIMUR CRUSER 24 5378 5206 b D LR B 25 A AN AL 2 R PR A s i - 883 -

Keywords RNA-binding motif protein 20; muscle-restricted coiled-coil ; digenic heterozygosity variation; cardiomyopathy

PRI ST R B0 LGS A 5
H BT KA EFE . Sangerdl] 5 3278 32 46 & 1
20> 5 WL AT BEBUR L F 7 S RNAZS & KL T A 1120
(RNA-binding motif protein 20, RBM20) 3£ [H ¢.224C>T
Z 578 S UL A A 2 46 Hh 25E 2 H (muscle-restric-
ted coiled-coil, MURC) 3£ [Fc. 71ASTZ & 728 s BB %
ORGSR A A 45 3R R, A2 D BRI, AR
TEH AT EREY K, WUZASHE, o] DLgi b i A 2508
TR 2, IL/IN AT I i b Al B0 A 4 ZUR LN 2
(14 AL 0 LB 4B AS 42 (noncompaction of ven-
tricular myocardium,NVM) . NVMJZ DL % P 535
FH KL/ FN SRR B 83 S R AIE 1) U 5 5 PR A G
A3 A PO LR, s i DR v A B . I T, 03t
2R 9T F B, 309% 5 NVMZ A 5 L5 6 A 58
ARAG s Hofth B 5728 AN A SR RN 2R A 3 PR 58
A K

RBM20J2 5.0 U AH G B BE ], 70 I rh 63k
. 2 gE ) 3 BIRBM20KE H 28 A5 1] 1 2
SO VSR A 45O B AL = 3k, O WL Tz 2R
AeA, DU R UG K, B ARE5 R 2L AR BRI
a4 5w F AL IRE ) R A5 . MURCHE A —FIZ4k it
SYEE T, FEEAEONET A, FL G 65 LT 4
R P B D G S WG ) 2 R N 7 T A
RBM205{MURCHL 3 [F 58 25 ¥ e T 200 L , R
MU ESE A RN RE RS

H A ¥ JC & FRBM20FIMURC XL 3 (Rl 58 7% 4}
T8, A ZH TS 56 4 R RBM20FIMUR C AU [H] 58 7%
2 SR 1B FImRNAZE A R B, AT BRI X5 O
JUL B 52 W) o AR AT 5% 16 6 A0 LA B A C 168 2 28 728
55 IRBM20FIMURC 32 3K 1K R, 8 1-TRBM20F1
MURCRGEH 24578 S5 O LA A e T AR R 48 A
PE TS BT GRS S AL B EE T R, B AE N
A ffy RS 8] 72 S R0 JUL =2 T %) 4 P ATL il B2 13
(ES , [RIEA IR RIS PR IE S S %

1 #RERE

1.1 4
N WL IACTON 3 AL 5T b a8 Bk A Py HoR

F5EBE
12 FZEGRIA

2 AEMURCHH 5 T . 28 ZERBM2035 73 ¥ [T 15
AR (1) A BRA 7] RBM204T 4 (2 = e
G R B A BR A R, BCAZE 1 B ik 7 & (38
Thermo Fisher ScientificZy 7)), 10 55 5% 387 & (H AR
TaKaRaZ\ 7)), CCK-8K M50 & [ i A (k24 R
HA AT, Co-IPiIR I & (i AE YRk A TR
NED, D E BPCRINAPT500 (3£ [E Thermo Fisher
Scientific\ 7] ), Western blotting‘%?]]‘(ﬁ( Ry & 2l
X (25 EBio-RadA )
1.3 ik
1.3.1 1SR IAR A H R A IMURCFIRBM20
o B AR R0 B B A A T B DUE A R
e (i) £ FRA FIHALBRSE
132 02 BR A R4 IIACT64H Y 43 o X R 20
(ControlZH , JC T T TF # AC164H i) . 45 2 4H (Blank
4, RN MURCHFIRBM203E N (1) 12 95 57 /B YL AC16
i) B A4 (MURC WT+RBM20 WTZH , #4MURC
FIRBM20KE N B 129 12 iR YL AC1641 ifd) MUR CER 5L
27540 (MURC MU+RBM20 WT , ¥4 MURC
c.TIASTHIRBM203E K 1) 12 95 75 B YL AC 1641 i) |
RBM20PA 3L 575 2 (RBM20 MU+MURC WTZH , #5485
HRBM20 ¢.224C>THIMURCHEN BI85 YL AC16
4 fi) . RBM20FIMURC X IE R 224 41 (MURC MU+
RBM20 MU4, #HMURC ¢.71ASTFHIRBM20 ¢.224C>
THIE YL ACIOAN ) -
1.3.3  Western blottingf5: il : R FHBCATE I @A
I RE , FE A F110~25 ne/fL EARE, LK S B i, 28
HEAL h, —Pi4 CHF LK. 1 x TBSTHEAR3IK .
THUEIRMFE 1 h, 1 x TBSTYRE3Y, B 3 . LA
GAPDH AN Z: K HImage] A HEA T RIS 0 HT -
1.3.4  SEAT9EEE S PCR

LWL LAH BERNA , #% B PrimeSeriPt RT Reagent
Kit With GDNA Eraseri® 71 & 156 9] 5 347 5 5% 56 f
PCRY" 4 .51 ¥ % : MURC,, 1F [1]5” -TCGCATAGCA
ATACAGGGCA-3’, & [7] 5" -GGACACCGAAACTTCT
CCTGG-3’ ;RBM20, iE[15° -GCAGCCATACCCAGTA



- 884 -

HREERRESR H53%E

CCC-3", I [15°-CATTACCCCAGTGAAAGGATGC-
37 RIS ST H R N A B
1.3.5 37 X 200 6 SOAS: 000 440 B 9 T 3%« £ AL B A
0.25% % (N FTEDTA) {H LA B x 10741 i
B E 7, il Annexin V-PE (5 pL) F17-AAD (5
pl) Y47, E I EEE F 15 min, JIIPBS 300 wLE &
AL, FH It A AR A SRS 3 T 4
1.3.6  Fura 2- AN I 4 A Y Ca™ Vi J3E 5256 - #5640
WLAn i AP 296 FLA T, 3 x 10%/4L 5 ##1 mL HBSS 1
pL Fura 2-AM (0.1 pmol/L) F1.5 mL EPEHIR A,
FLIMASO WL A W 3%, HBSSTE Ve 40 g2k, 4l 1]
S A4 S T 30 min; T IR EE T WS IT:
SE AT AT A N E- 4 Ca™ SR
137 BPHARICHY R IR R G 505 H 620 .0
L4 B 42 A 96 LA Hh , 4 L o8 4 15 95 BRI ¥,
PBS (JH0.5%Triton X-100 FCiil) i PE31K, 4% R H
J [# % 10 min; 25 15 38 1520 min, W B Triton X-100;
H200 L% PHUTARICAY B PR IR TAR W, 2 a5 L
AL, 35 IR REGIRE T 30 min; BT Y IR A BT A
Operetta, Y4 “Calculate Texture Properties” 73T £
G EL, IR G 1EHE “SER features” “Haralick features”
“Gabor features” Z3H7 5420 LB 2R HES R 0
1.3.8 4t G 5 2 T « K620 . JUL 4 422 b 31196
FLA, 3 x 10741, 4% 22 5 F [ 5E 10 min, PBS (JH
0.5%Triton X-100 FCil) ¥ HE3IK ; % i %520 min,
W B Triton X-100; B:LITA100 pL 4%11=F I3 , &
TEEAI30 min; —4T (1 : 1000) 4 CHFH % ; 9
(1 : 500) 2 ¥ 8 5 60 min; 4 FL A 100 pL DAPI
VS (100 nmol/L) FEAT 4H ALAZ 52 Yy ; w55 P 1ok 40 it 43
Hr A% OperettaXll ZEMURCHIRBM20EE H & i/, &
AT 2R A AR 1 (B-tubulin T Vinculin) FER P4 &5
F (Part6) [ 2¢ %G58 i, ¥ £ “Calculate Morphology
Properties” & 1t 4387 UL 86 11 B3 -WLBER 25 1 4% 5
2 (Mle-2v) 5 30 i) 200 46 3 e 3 A 4 At A i AR 4
HE5E 1 M HIKG-6ThRIC I ZL A58 5 5 DAPIRIC 1 4
LS R RN
1.4 BEitegomr

¥ i Graph Pad Prism 9.3. 15 F R 47 2140 by
FFA IEASIM TR TORRR Hix £ 5308 , Z4 R LR
SR FH B R 7 2250 BT o SR FOBUINAS 365, P < 0.05 0 25
R ENES -8

2 #R

2.1 FEPHGEAR TR LA R As 4

T 1002 BE AR B AR AR ORI N
LA AC168a T Fe TR SRR . Sangerill J7-45
5 HDNAJF I L —2

¥ 62H .0 1L 40 g HRBM20 MURC mRNAFI
1215 7K 5 Control 4 FilBlank 4 b4, RBM20 MU+
MURC MUZHRBM20 MURC mRNAFI#E (135 TH 5
(¥9P < 0.05) ; MURC MU+RBM20 WTZ{MURC mRNA
AR 1 #5THE (K9P =0.000 1) ; RBM20 MU+ MURC,
WTZHRBM20 mRNAFIE &5 T+ (BP < 0.05) .
55 4R 4 A, RBM20 MU+MURC MUZHRBM20 .
MURC mRNAFIEE H3KIE TR (BP < 0.05) ;MURC
MU+RBM20 WTZHMURC mRNAFIZE 15535 T % (1
P <0.05) ; RBM20 MU+MURC WTZ1RBM20 mRNAFI
HARIE TR (P <0.01), WK1,

2.2 RBM20FIMURCTECx HILEH A H 119 52 A3

N T R ACT6AN I S e (5, A i
BB 2145, ControlZH . BlankZ] FIMURC WT+RBM20
WTHMURCSE {3 F 40 ffg i, MURC MU+RBM20 WT
24 .\RBM20 MU+MURC WTZ4 .MURC MU+RBM20
MUZAMURCE AL T2 5T, 62H 4 i rh RBM203 37
TR, WLIE2.

TE 53 25 240 M A% S 240 i 5 5 i#F — 0 59 IERBM20
FIMUR CAE 4l HLAS [T 40 19 22 5 22381 DL, Western
blotting#6: 1 £ & {2 7~ , RBM202E [ #E 641 H 344U AE 41
MRN8  FEA B b L o &k . SMURC WT+
RBM20 WTZH Lt %, MURC MU+RBM20 WTZH \MURC
MU+RBM20 MUZH 4fi ffs i P MURC AR 1235 T B (P
5391120.037 1.,0.000 1), i 2 L 5T MURCEE 1 3k
T (P21 40.008 7.0.026 8), VLIKI3.

2.3 RBM20FIMURCHKUHE PR 58 A5 Xt 0 WL 4T L 25
ey AlipR Al

B E 9 G £ 1 7 A1 P 25 I I 4 Mg 5=
T A, 5MURC WT+RBM20 WTZH [ # , MURC MU+
RBM20 WT4H .RBM20 MU+MURC WT ZH 4il ifs % ifii
FRME IS K B 22 R IEge it 2% 2 L (PA3 3 2h0.927 1,
0.1205) ; SMURC WT+RBM20 WT41 .MURC MU+
RBM20 WTZ1 .RBM20 MU+MURC WTZH %% ,MURC
MU+RBM20 MUZH 412 1H AU R (F9P < 0.05), WLIEl4.



108 Z=TRAEEE. RBM20FIMUR CRUSER 24 5378 5206 b D LR B 25 A AN AL 2 R PR A s i + 885+

1.5

—_
=)

o
n

j=)
=)
MURC mRNA expression

RBM20 mRNA expression

1 2 3 4 5 6

RBM20 —— — i ]34 x 10°

GAPDH e e ey e aum 36x 10°

1 2 3 4 5 6
MURC -_ — e — 55 x 10
GAPDH == = e e o — 36 x 10

S D
A, relative expression level of RBM20 mRNA ; B, relative expression of MURC mRNA ; C,RBM20 protein expression; D, MURC protein expression. 1,
control;2, blank ;3, MURC WT+RBM20 WT;4,MURC MU+RBM20 WT;5,RBM20 MU+MURC WT;6, MURC MU+RBM20 MU. Compared with con-
trol group, *P < 0.05, **P < 0.01 ; compared with blank group ,##P < 0.01 ; compared with MURC WT+RBM20 WT group, AP < 0.05, A AP < 0.01.
E1 RBM20FIMURC mRNAFIZE B Ri%
Fig.1 RBMZ20 and MURC mRNA and protein expression

Control Blank MURC WT+RBM20 WT

MURC MU+RBM20 WT RBM20 MU+MURC WT MURC MU+RBM20 MU

RBM20, red fluorescence ; MURC, bright green fluorescence ; cells transfected with the lentiviral vector, green fluorescence. Orange arrows indicate the lo-

salization of RBM20 in the cell after mutation of RBM20 and MURC. The white arrow indicates the localization of MURC fusion proteins in the cell. Scale

bar=50 pm.
E2 #F4HORLZHE KN RBM20FAIMURCEMIE R

Fig.2 Localization of RBM20 and MURC in cardiomyocytes of each group
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A,RBM20 protein expression in the nucleus; B, RBM20 protein expression in the cytoplasm;C, MURC protein expression on cell membrane; D, MURC
protein expression in the cytoplasm. 1,control;2,blank;3,MURC WT+RBM20 WT;4,MURC MU+RBM20 WT;5,RBM20 MU+MURC WT;6,MURC

MU+RBM20 MU. Compared with MURC WT+RBM20 WT group, *P < 0.05,**P < 0.01.
B3 &EYARZ/4BE B N RBM20FIMURCE B Rik7KF
Fig.3 Protein expression levels of RBM20 and MURC in the nucleus or cytoplasm in each group
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A ,immunofluorescence staining of Mlc-2v in cardiomyocytes; B, myocardial cell surface area. Mlc-2v, orange-red fluorescence. Scale bar = 200 pm.
Compared with MURC WT+RBM20 WT group, **P < 0.01; compared with MURC MU+ RBM20 WT group, A AP < 0.01; compared with RBM20 MU+

MURC WT group,#P < 0.05.
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Fig.4 Cardiomyocyte area in each group as determined by immunofluorescence

EMURC WT+RBM20 WTZ Lb3 , MURC MU+ Geit2#2 L (P53511290.587 1,0.1690) . 5MURC WT+
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FIRTHE (B9P =0.000 1) 5 MR-WUBEKEE A Ffi# (myosin -~ MURC WTZH H # , MURC MU+RBM20 MUZHMYH7 .
heavy chain 7, MYH7) mRNA AW T+ &, (H 22 %70 a-actin mRNAZE R g 2 THE (B9P < 0.05), WWIKIS.
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A, relative expression level of MYH7 mRNA ; B, relative expression level of a-actin mRNA. Compared with MURC WT+RBM20 WT group, **P < 0.01;
compared with MURC MU+ RBM20 WT group, A AP < 0.01; compared with RBM20 MU+MURC WT group, #P < 0.05.
E5 SEm¥REtEEPCRIGIEHMYH?, a-actin mMRNAZRIA
Fig.5 mRNA expression of MYH7 and a-actin as detected by RT-gPCR
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Control Blank

MURC MU+RBM20 WT ~ RBM20 MU+MURC WT ~ MURC MU+RBM20 MU

MURC WT+RBM20 WT
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YIS A T Reta R (022 R T g it 8 L (Porl
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Cardiomyocyte organised/%
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A ,myocardial cytoskeleton immunofluorescence staining, F-actin labeled cytoskeleton, orange-red fluorescence (Scale bar = 25 pm) ;B the results of myo-

cardial cytoskeletal arrangement. Compared with MURC WT+RBM20 WT group, **P < 0.01 ; compared with MURC MU+RBM20 WT group, AP < 0.05;

compared with RBM20 MU +MURC WT group, ##P < 0.01.
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Fig.6 The arrangement of the myocardial cytoskeleton in each group
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EMURC WT+RBM20 WTZH .MURC MU+ RBM20
WTZ4 .RBM20 MU+MURC WT4 [ # , MURC MU+
RBM20 MUZHB-tubulin f1Vinculin® J6 5 B 1 T [
(#P<0.05), W7,
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A, immunofluorescence staining of skeleton protein B-tubulin (B-tubulin, red;cells, green. Scale bar = 50 wm) ; B, relative fluorescence intensity of skele-
ton protein B-tubulin; C,immunofluorescence staining of skeleton protein Vinculin (Vinculin, red; cells, green. The blue arrows indicate the distribution of
Vinculin after mutations in both RBM20 and MURC. Scale bar = 50 pm) ; D, relative fluorescence intensity of skeleton protein Vinculin. Compared with
MURC WT+RBM20 WT group, *P < 0.05,**P < 0.01 ; compared with MURC MU+RBM20 WT group, AP < 0.05, A AP < 0.01;compared with RBM20
MU+MURC WT group, #P < 0.05.
E7 &AB2ZEEEB-tubulinFnVinculinBy%e SL58 B b %
Fig.7 Comparison of fluorescence intensity of skeleton protein B-tubulin and Vinculin in each group
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MURC MU+RBM20 WT RBM20 MU+MURC WT MURC MU+RBM20 MU
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A, polar protein Part6 immunofluorescence staining (Part6,red;nucleus,blue. Scale bar = 200 wm) ; B, relative fluorescence intensity of polar protein
Part6. Compared with the MURC WT+RBM20 WT group, *P < 0.05; compared with MURC MU+RBM20 WT group, AP < 0.05;compared with RBM20
MU+MURC WT group, ##P < 0.01.

oy
(=]
1

Part6 level

0.5 1

E8 H AR EE B Part6rI i H 38 &

Fig.8 Fluorescence intensity of polar protein Part 6 in each group
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Fig.9 Apoptosis of cardiomyocytes in each group as determined by flow cytometry
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A, immunofluorescence staining of proliferating cells (Ki-67 labeled proliferative cells are red,and all cell nuclei are blue. Scale bar = 200 pm) ; B, Ki-

67 positive rate (cardiomyocyte proliferation). Compared with MURC WT+RBM20 WT group, **P < 0.01 ; compared with MURC MU+RBM20 WT group,

AP <0.05; compared with RBM20 MU +MURC WT group , ##P < 0.01.
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Fig.10 Cardiomyocyte proliferation detected by immunofluorescence staining in each group
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A, scratch test to observe cell migration (scale bar = 200 pm) ; B, myocardial cell mobility (percentage of healed area). Compared with MURC WT+

RBM20 WT group, **P < 0.01 ;compared with MURC MU+RBM20 WT group, A AP < 0.01; compared with RBM20 MU+MURC WT group, ##P <
0.01.
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Fig.11 Cardiomyocyte migration in each group detected by the scratch test
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