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circ-SKA3 regulates the role of TLR4 axis in atherosclerosis through miR-1303

WANG Kehua, WANG Jin, WANG Lei, REN Xiaolu, LI Ying

( General Hospital of Ningxia Medical University, Yinchuan, the Ningxia Hui Autonomous Region 750004, China)

[ ABSTRACT ] Aim To explore the role of circular RNA spindle and kinetochore-associated protein 3 ( cire-SKA3)
in regulating Toll-like receptor 4 (TLR4) axis in atherosclerosis ( As) through miR-1303. Methods Carotid artery
plaque, diseased vascular tissue, normal tissue adjacent to plaque and venous blood were collected from 30 patients with As
treated by carotid endarterectomy from April 2019 to April 2022.  Another 30 normal venous blood samples were
collected.  Microarray analysis, quantitative real-time polymerase chain reaction (qRT-PCR) and fluorescence in situ hy-
bridization (FISH) were used to detect the expression and localization of circ-SKA3 in plaque tissue of As patients, control
samples, plasma exosome, human umbilical vein endothelial cell ( HUVEC) and aorta of As model mice. The
relationship among circ-SKA3, miR-1303 and TLR4 was verified by bioinformatics, double luciferase reporter gene
detection and RNA immunoprecipitation.  The proliferation, migration and angiogenesis of HUVEC were detected by CCK-
8, scratch, Transwell and angiogenesis experiments. TLR4 axis-related protein expression was detected by Western blot-
ting.  Pathological changes of aorta in As model mice was observed by Oil red O staining, HE staining and Masson stai-
ning. TLR4 expression in aorta of As model mice was detected by immunohistochemistry and immunofluorescence.
Results The expression levels of circ-SKA3 and TLR4 in plaque tissue, plasma exosome, oxidized low density lipoprotein
(ox-LDL) treated HUVEC and circ-SKA3, TLR4 in aortic of As model mice were up-regulated ( P<0.05) , while the ex-
pression level of miR-1303 was down-regulated (P<0.05). Functional analysis showed that circ-SKA3 promoted HUVEC
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damage in vitro and As progress in vivo.

adsorbing miR-1303 by sponge.

Mechanism analysis showed that circ-SKA3 could promote TLR4 expression by
Inhibition of circ-SKA3/miR-1303/TLR4 axis can inhibit the formation of As lesions.

Conclusions circ-SKA3 is overexpressed in carotid plaque, plasma exosome, ox-LDL-treated HUVEC and As model mouse

aorta in As patients.
[ KEY WORDS ]

erosclerosis;  oxidized low density lipoprotein

Bkl FERE AL ( atherosclerosis, As) f&—Fl L )
JVK PR T J5 T AR R 2T 4 W8 T2 1l Ay R A 14 20 Jok i 7
BEMS P RREPENG AR | W] i — 205 | e Z2 R 7 O I AE
P L MAE N B2 4B B ( endothelial cells, EC) 5%
W5 TR I T JULAE B D e R A A5 KL R TE As
(T B e DGR Y ST RIS % B 2 1
(oxidized low density lipoprotein, ox-LDL) /& LDL HYJ
AR, AT (8 10058 P4 R 0 B T HE AR A
As JRAETE R . Z W EC RENS 7= A4 4 M40 i A
R 0 e ik e e = A )OS S |
T As 19 % S, Rk, #R EC TIREEL S As
FE ARG 73 5L A T 4248 As BRI TETR YT i
o PRIR RNA(circular RNA, circRNA ) /& mRNA #i
ST A P TR A A (I B LR e
R B E R A YR BT £
TR W, cireRNA BEE i3 B 5 8 F R4S 5 5
8 33 3 RNA (microRNA , miRNA ) 72 W BRI 2
GAF R S TN A I A= N o A
circRNA 5 4 K 5 2l 80 A1 5C 25 3 (circular RNA
spindle and kinetochore-associated protein 3, circ-SKA3)
Je—FE H SKA3 FEP Y cireRNA, Xu 551 B9 RF5T
7R B PEAR v 8 AR AL L cire-SKA3 3Rk
FHN . miR-1303 5 cire-SKA3 fEAELS A i 5107,
FEU WUAEBE Y SIS I R T EZAER . Toll
FEZAK 4 (Toll-like receptor 4, TLR4 ) S 5 HLIK fa 22
PRI, HB R W] AR R E BRI BRI (apo-
lipoprotein £, Apok™/~ ) /I B IS e L AR T 6
UM F KO R As BEHLBE T Liv 10
WL TLR4 A] i — DAt H (R 5 5% 5 S
SEIE - 1 (signal transducer and activator of tran-
scription 1, STAT1) B9 3776 FIAZ 6 A7, AR a2 1 s 40 g
M1 AR AL, I As 78, i B A e R AR I STATL/
TP R FLH L F- (stimulator of interferon genes,
STING) 25 T As ™, BT ki se 4 21,
AR 58 B IR R cire-SKA3 i i miR-1303 ¥4 &
TLR4 Hi7E As FEIFER

1 #EFTE

1.1 ZHEARRAK
WE2019 £ 4 A—2022 24 HFFEER K

circular RNA spindle and kinetochore-associated protein 3 ;

circ-SKA3/miR-1303/TLR4 axis can promote the development of As model in vivo and in vitro.

miR-1303; Toll-like receptor 4;  ath-

F BB R OIS B9 30 1) As B 2 F s ik R AR
Y Ve o9 370 3 Bk BE S BOR R 4 41 4R At R BE SR F I
ARG RO, A R E £ E N EFE S E AR
EHEHWN-VHRE 5%k 30 ] T AR
TR E RSB Bk, As £ F 5 16
7, 4ot 14 ], 4 49 ~76 2, T3 (66. 42+5.68)
B R B  F 1S 0], L 1S B, F 47 ~
75 %, F3(64.28+4.97) % A G Fihb =z R L
FILFEX(P>0.05), AHRCELRIKMIEZE
RotE, TAREHERRBEUALHERAEE S
BrklFREEH,
1.2 Kz

12 2 SPF % # ¥ C57BL/6] ApoE™ /N EL 1 A
CHEBRKRFFIDER IO, W AEBIETH
SCXK ( #)2022-004, T SPF j& & pi 48 % 1 A
FHATER AFME AT ADNR B mERR A, £
T A RN EF Y ERRERTFN,
1.3 FEKFH

A J5F## B A B 48 B2 (human umbilical vein endo-
thelial cells, HUVEC) ¥ & Jb. 70 L & fnlf &£ S A A
RN AR 40 HEK 293T ECM %43 5
B L2 & R R IR A F  Trizol KA W B % E
Thermo Fisher /A %] ;18 7 & Rk k AW E L F |
wEREHENTE, MEHEDHEAERAE T
BGPCREIMEASWE FigE T AN TR KO H
PR A& s RNA % H & AL 22 & (fluorescence in situ hy-
bridization, FISH) 7% LK 47 h £ 4 IF (5 £ 4 [E 25 &
HH RN E T A R cire-SKA3 R 41 )7 71 & 5-Cy3-
CACAATGGGACTTAAAAATGCGAG-Cy3-3", miR-1303
H A4 F 7] A 5'-Fam-TTTAGAGACGGGGTCTTGCTCT-
Fam-3';FISH ik Al & 1 & )~ M8 & & WA B A R
8] ; ox-LDL W ﬂtﬁ%%%i%ﬂ&ﬁpﬁﬁ\ﬁ],
CCK-8 it il & ik 2T O & X 7 & HE % & i 7
& BCAEARENERANEGEWE LEEZZREY
HARA RN ;Masson XA W EEFESL
A AR A B s Matrigel 55 i I B - #F A A 4 BH
AR F; /NE TLR4 | % STATI ., % p-STATI ., %
STING . %% H F kB ( nuclear factor-kB, NF-kB) . %
p-NF-kB . % F # % # % & F 3 (interferon regulatory
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factor 3,IRF3) , & p-IRF3 [ & 2 [E Abcam /A 7 ; X
% fig & & B [E B (low density lipoprotein cholesterol ,
LDLC) /& % JZ Jis % & 2 [ B (high density lipoprotein
cholesterol ,HDLC) | H i = B ( triglyceride, TG) | & A2
[ B (total cholesterol, TC) Ml & 1K 7| & 19 & 7 7% 2 &
AT RFR, LR TEIE,
1.4 circRNA #BEFI 5347

& Jf| Trizol X 7| 2 B As & 2 B 3 41 48 Fu 3T &
FEAR A B % RNA, Al RNase R b, B % & RNA
HE & cieRNA, 4 3 410 )5 B9 cireRNA % 5 &
cRNA K ARIE 87 cRNA 28 & 2| circRNA 4 [ 71 26
b E6S CRERWFHEITh, 2H K BEEA
Agilent Scanner G2505C # #i L 7 # % A, 5 H
Agilent Feature Extraction % {4 % & M & #t 48, x4t
AT AL H T — 0, RAEIT & LA P AR 46 7R
Eft R a st BEAZEHEEELZR kA
1y circRNA
1.5 MZ%EZ=D 5 circRNA RNase R #&il

8 2 mg/L # %W % D 3 kU/g RNase R 471
43 HUVEC 24 h .20 min,qRT-PCR 4| circ-SKA3
By A
1.6 FISH 3£I&

B K E 80% ft & L o HUVEC,4% % 3% F B
E % 10 min & A 0.5% Triton X-100 # % 15 min,
KAAFIE Y cire-SKA3 \miR-1303 .CD31 % 4t 5 48
F£37 °C T 237, o FISH R A & BN HE 4 5,
M DAPL e THOEHAREAHEHMHE T
WEA
1.7  I3RIp b EIRET

RGBT RE As EF5 5HE
X R fcf, T 4 °C .3 000 v/min 4 T &
10 min K & L 3¢, ExoQuick 413t 4 38 BUK 7] & 3%
BN, THE R T RS T WEWEE XA
qRT-PCR #| circ-SKA3 #y 5 14 1§ L,
1.8 HpERSHA

f# Fl ECM T2 # 54, F 37 € 5% CO, 14
I JE oy o, #A B IR B #5481 22 HUVEC, HUVEC 2
N control+NC 41 ( IE % 3% 7x | % 4o [ X B ) | control +
sh-NC 41 ( IE % %5 7%, # %¢ shRNA) | control +SKA3 41
(EH 355, % 4 SKA3) | control +sh-SKA3 41 ( IF %
B35, B 4 sh-SKA3) | control +sh-SKA3 +miR-NC 41
(IE% ¥ 7, % 4 sh-SKA3 + miR-NC) . control + sh-
SKA3 +miR-1303 inhibitor 41 ( IF % ¥ %, % %4 sh-
SKA3 + miR-1303 inhibitor ) . control + miR-1303
inhibitor 41 ( IE % ¥ 7%, # %¢ miR-1303 inhibitor) |
control +miR-1303 mimic 41 ( IE % 3 75 , % % miR-1303

mimic) . control + miR-1303 mimic+TLR4 4 ( IF & #&
75, # % miR-1303 mimic+TLR4) . control +sh-SKA3 +
TLR4 41 ( IF % ¥ 75 , % % sh-SKA3+TLR4) . control +
TLR4 41 ( IF % 335, % % TLR4) .ox-LDL+NC 4 ( /&
A1 100 mg/L ox-LDL, %% %% [ £ 3t f ) | ox-LDL+sh-NC
20 (7 Am 100 mg/L ox-LDL, i shRNA) | ox-LDL +
SKA3 %1 (% %1 100 mg/L ox-LDL, # % SKA3) .
ox-LDL+sh-SKA3 #1 (7 #m 100 mg/L ox-LDL, # %
sh-SKA3) | ox-LDL + sh-SKA3 + miR-NC 41 ( # #u
100 mg/L ox-LDL, % %¢ sh-SKA3+miR-NC) ,ox-LDL+
sh-SKA3 + miR-1303 inhibitor 41 ( 7 7 100 mg/L
ox-LDL, # % sh-SKA3+miR-1303 inhibitor) ,ox-LDL+
miR-1303 inhibitor 41 ( 7 Az 100 mg/L ox-LDL, o
miR-1303 inhibitor) ,ox-LDL+miR-1303 mimic 41 ( 7%
#1100 mg/L ox-LDL, % %* miR-1303 mimic ) ,ox-LDL+
miR-1303 mimic+TLR4 41 ( 7 A 100 mg/L ox-LDL,
% 2 miR-1303 mimic + TLR4 ) . ox-LDL + sh-SKA3 +
TLR4 %1 (% /m 100 mg/L ox-LDL, # % sh-SKA3 +
TLR4) .ox-LDL+TLR4 41 (7 Az 100 mg/L ox-LDL, %
e TLR4) , #% B & it Hl W LA, £ A Lipo-
fectamine™ 2000 % 4 % 7| ¥ 18 0 F Rk H AR B
U4 B R E HUVEC 480,48 h 5 0K & 40 f
AT R%%E,
1.9  CCK-8 i&+& M 40 M S8 FE HE

BUAL T o 0 K 0y & 40 40 e, ok R M AL )5
T 96 FLAR B IEE FE IR, T IR 0,12.24 48 K
72 h #AT CCK-8 Al , 4 FLAm N\ CCK-8 V5 ik Ja 4 £¢
#252 h, T 450 nm WK TN & IR AE
1.10 #HMXIIR LIS Transwell LTG0 AT F5
BES

20 8RR 52 B o & 2140 T ot B K 8y 4 B DA
1x10° AN/ AL w E M T 6 LR+, i 7E &
FIKE| 90% , i 200 pL # iR 24 3k X1 XU, o &
o5 By 40 MmO\ T o VR SR R4k SR 3E R 24 h, 4
Al FRURJEAnEE 55 24 h J5 40 B, ] Image J 22 ¢4 91
EXORFEE AT E=(RWXRFTEHL-24 h 5
R FEE ) / 40 %R FE X100%

Transwell 52 % . BUAL T % 0 4 K 4 80 & 41 40
FEH N AT, M T Transwell /NZE EE, BT
EH NG 10% B4 & By ECM 3 5= 4 % &
# 24 h, FHEEWHAMA 4% R EE
30 min, 8 X\ 0. 5% Triton X-100, F /& # % 15 min J&
Ji 1xPBS & % 3 i, Ao A\ DAPI, # X K N 5 min,
MR ERA, HA, TRAEEHE T# AN
ERB, G5 AT HapEE,
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111 I AR SR 06 48 i 40 B 42 &b I & 4 A BE h

&2 2 L DA 2 x10% AN/L By 4 B 5 R R 48
EOR, VAL 1 Bl AN 90 wL Matrigel 25 X, 4 A
To6 M, EHR24hETAFEHRETHAES
B Gt AmEHmKiE,
1.12  qRT-PCR #&i circ-SKA3 . miR-1303 & TLR4
K3 FRIE

# B Trizol X FI#E B As 30 M E A H A4
A % RNA, F K # KK 7l &% & RNA % % &
cDNA, £/l ¢cDNA 47 1 ng, ETFiF5I 4% 0.5 pg
#1 SYBR Premix Ex Taq II i 7| & B %] 20 wL. PCR
FRAR F , BB 4 295 C & # 2 min 95 °C 15 s,
60 °C 60 s, 6% 40 K, 5l 477 W& 1, A ABI
7500 5L 7% K £ & PCR L% K qRT-PCR # 1£,
J 2784 33 & cire-SKA3  miR-1303 . TLR4 #y A8 %t
F ik KF,

% 1. qRT-PCR 5|¥1F 5
Table 1. qRT-PCR primer sequence

B Bl

F.5'-ACAGAATCCAGGCTCAATGAT-3'

cire-SKA3 S AGAGTCTGAACTTCTGAATGAAGG-3'
ogz0s FeS'-ACGCGGTCTTGCTCTAAAAA-3'

i R:5'-CAGTGCGTGTCGTGGAGT-3'

-_— F:5'-GTACCTGGGGAACAACCTCTT-3'
R:5'-GCAGCTTGACTAGACTCTCCA-3’

cappr T3 -CTCACCGGATGCACCAATGIT-3'
R:5'-CGCGTTGCTCACAATGTTCAT-3'

e F:5'-AAAGCAAATCATCGGACGACC-3'

R:5"-GTACAACACATTGTTTCCTCGGA-3’

1.13 FJBEREDIT XN TLR4 HEXEHRIE

¥ As s B ALHF AT RIE, WANEE
A RIPA, 52847 ok EREH 1.5 hy & 4140 M dw
NiE & T 4 RIPA, 7t 4 8 41 J& vk % & 30 min,
4 °C 10 000 r/min % 10 min, B 7% 7% ,BCA & &
R, BB K> BHERE A, B, HRE N
MR T 5% M sl kAR, ETHRK
FEBHMLh, HARHE-TFREET R, HE
el 1:500, x2S EET 4 CHRETIE,
VR I NF BB 125000 TN ZHEEH
W, ERMEE 2 h, B E N ECL b & Kk, #
KR RS min, Al EE R EKESER,
1.14 RNA ®EH£ITE

HUVEC ¥ im \N#& ER R T R, #k
AR MmN AGO2 ik AR EA G, ERBH

30 min EAMANZI RN, ET 4 CHIEFBHF T
7, qRT-PCR 4| 45 1k, 87 % 72 T RNA
1.15 G EEmREEREGN

& i & 4 5 & F B3 E TargetScanHuman T 1
M miR-1303 5 cire-SKA3 | TLR4 th % &7 & | 4
7 A B A AL A R R ALK i AL ; psiCheck2-SKA3-
Luc, psiCheck2-SKA3-MUT-Luc, psiCheck2-TLR4-
Luc . psiCheck2-TLR4-MUT-Luc, 5§ miR-1303 £ # 4
FH# T HEK 293T 4 &, K X £ B4R & L3 &
WK ERE,
1.16  As MNRIRBFIE

/INE K sh-NC 415 sh-SKA3 41, &5 4 6 2,
L4 0.25% JIE [ B F1 15% g B B 5 g Ak & B 3/
B, As ANEABEANY D B % 11 A 2, sh-SKA3
40 H: % B # T 4 sh-SKA3 18 95 &, sh-NC 418 %
B o 4t sh-NC 18 % ,1 R/ B, % 17 B4 i
HAR,FRERMLE EHRALATEEER,
1.17 EFNBRALRREFEN

B2 EHRAR, ET 10% F B F R P E
ELCENBEAEIFF R A, ML 0 Ra,
HE %, J Masson %8, 3% 7] & % W 47 6 8 15 2 B 3t
TEE R 2, FAMALHEE S N E, £ 200
AETNERE,
1.18 FHikeBEALLFSEERALRN

FIABAF AN BN E A R, &
Jiis B EBE HHERNFEEL N1 100
W TLRA fifk, T 4 CHETBH LR, kA
A ERARE N 0, £ B H 30 min, I ANEE E
£, ZEBE30 min, —AEBEREE, KAK
G HHMA KA FEMRE A, T 200 £
ERETHEELEER,

FERAAAM . BDRESH B E R, ¥
BEZEK,MHFENpHE N 6 B 10 mg/L #7145 &
5% R BOEO A 3 15 ming m N 3% H,0,, F
B E 10 min & AN\ 5% 1w i #H A 30 min VN
BE N 1:100 8y TLR4 ik, B T4 CHEHHF
TR A KA, ERBE 1 h, lw )\ DAPI
RH B RAERA, H, TRAEE SR T #
KRB
1.19 SitZESh

f# Fl SPSS 24. 0 4t vF 5 3¢ % 48 #E AT 2 A1 4
AT ERR L ats Koo, B 4118 b ARCR A M SL AR
AR I, % A TA] H B R R B R 7 2 A, 4L TRl ik —
W R KA LSD- A B, P<0.05 k& %= 7 &
HHEIFE XL,
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2 # B

2.1 circ-SKA3 7£ As BEDIHRALR MR 5h ik h
FRERIX

TS 73 it I As B85 BEZH ZURIR IRAE A
HY cireRNA H—b 45 R DI EDE 87 IF Tk
I s 22 57 3R I8 1Y cireRNA , ARG SRR R (55
SRIE GEHE T & 2 — 2P 4/ T AR
WAL T 4 1 ciceRNA #4783 — 25 1 58 ( cire-
SKA3 | circ-TUSC3 | circ-DCTN2 | cire-TXLNG ) , qRT-
PCR A INES R R, X IREEA AR L, As SR8 BEBR
HA cire-SKA3 | cire-TUSC3 . cire-TXLNG 1) &3k Ff

A

w

151, cire-DCTN2 [ R I8 AR (1 P<0.05), H
circ-SKA3 /K5 X BAEAC 22 S fe ol W 3%, DR b asE 45
circ-SKA3 TR, MK AN LA qRT-PCR £ il 45
SRR, SEHXT A LG, As HUE cire-SKA3 3R
IEFHE (P<0.05) . ZEH K D 5 RNase R Kl 45
AR, cire-SKA3 PRI K ,6 h 12 h 18 h [
24 h SR A 1.57.2.11,2.30,2.76 (P<
0.05) ,%f RNase R A Hi%, 5 Mock AH LT+ T
3. 18 fi5( P<0.05) . FISH 25645 5 s, BEH 41 41
AJ I, cire-SKA3 35, cire-SKA3 FEE (7 T HUVEC
HIMEB R (1)

Plaque Control 5
circ-S100PBP
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cire-CCDC40

circ-TPM1
circ-RFC5
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—logo(P value)

= =
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...........
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N
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Relative expression of

0
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circ-MDFIC -6 -4 -2 0 2
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circ-SETX
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cire-TUSC3

9]

circ-RWDD4
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circ-ZNF236
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circ-HTR7
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circ-WDR20
circ-RBM4B
circ-TXLNG
circ-BRF1
circe-TBCD

of circRNA
o = N W » O

Relative expression

low to high intensity s

-
(&

—e—Circ-SKA3
—=—UHRF2

-
(=)

o
2]

Fold change

Time/h

1.5 =3 Mock
mm RNase R

HUVEC
0.5

Relative abundance

(=)

circ-SKA3

UHRF2
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4

L —1Control
m Plaque

circ-SKA3

6

circ-SKA3-R
-

51/( Cgagcaagaagcc at
ca

a

gt

3 k: circ-SKA3
a

7 gy

ta
aggagCEtaaaaat’ 3
-
circ-SKA3-F

DAPI

1. circ-SKA3 7£ As BETIHALN MR IMNMEPRERIE
A CHBEHAZUS M AR cireRNA ZRIMTEIRISINE | B N BERAI LU IEFEAR cireRNA FGA55 KO LE, C NBEZUS G HRFEAR qRT-PCR RHANZER
D N As B K AN AT L T BB IR A5 cire-SKA3 qRT-PCR AZE SR E R cire-SKA3 Z5HI L, F A cire-SKA3 JRZK R 2 D Kl 25 5%,
G 4 circ-SKA3 RNase R #5145 58 H 9 FISH SZE K I BEH A4 cire-SKA3 FEIK1H ML, 1 9 FISH SZE G HUVEC 1 cire-SKA3 B E ALK,
a > P<0.05, 5% REEAS Fds ;b o P<0. 05, 5 T IR i 3% A MIMAR Fe 3 s ¢ i P<0.05,5 UHRF2 H#;d 2 P<0.05,5 Mock EL3,

Figure 1. Abnormal expression of circ-SKA3 in plaque tissue and plasma exosomes of As patients
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2.2 circ-SKA3 ERE R B ox-LDL %5 5 #9240 i
1 E F R A0 B

qRT-PCR Kl Z5 5 7, 5 NC 4 sh-NC 41 4H
[t ,SKA3 4 cire-SKA3 YR IEZKF-FH5 , sh-SKA3 4
circ-SKA3 [ FRIKKF- TR (3 P<0.05) . CCK-8 £
Mzt R 5 oR, 5 control +sh-NC 41 AH F , control + sh-
SKA3 ZH 4l Jif 384 5 15 V£ T 55 (P<0.05) 5 55 ox-LDL+
sh-NC 414 [t , ox-LDL+sh-SKA3 £H 4l fits 54 5 % P T
1 (P<0.05) ;5 control +NC ZH A [t , control + SKA3
ZH A0 RGBT PE R B (P<0.05) ;5 ox-LDL+NC 41
HEE, ox-LDL + SKA3 20 41 fitd 4% 78 3% 1 F % (P <
0.05) , A Y]IR L5 45 R s, 5 NC 4 | sh-NC
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Figure 2. circ-SKA3 gene knockout inhibits ox-LDL induced cell proliferation, migration and angiogenesis
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Figure 5. circ-SKA3 regulates the expression of TLR4 and As-related proteins through miR-1303
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Figure 6. circ-SKA3/miR-1303/TLR4 axis promotes endothelial cell proliferation migration and angiogenesis
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Figure 7. Inhibition of pathological changes in As mice by silencing circ-SKA3
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