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Expression and mechanistic role of macrophage-enriched IncRNA
CCL3-ASl1 in carotid plaque instability
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Abstract

Background and Aims: Carotid plaque instability is a critical pathological basis for ischemic stroke.
Identifying key molecular markers to evaluate plaque stability has important clinical implications.
Recent studies have emphasized the regulatory roles and predictive value of long non-coding RNAs
(IncRNAs) in plaque stability. In our previous transcriptome sequencing analysis of human stable and
unstable carotid plaques, we identified IncRNA C-C motif chemokine ligand 3 antisense RNA 1(CCL3-
AS1) as significantly upregulated in unstable plaques, suggesting a potential association with plaque
instability. Therefore, this study aimed to validate CCL3-AS1 expression in an expanded plaque sample
cohort and to explore its role and underlying molecular mechanism in carotid plaque destabilization.

Methods: Carotid plaque specimens were obtained from patients undergoing carotid endarterectomy and
classified into stable and unstable groups (n=15 per group) based on HE and Sirius red staining. qRT-
PCR was used to validate the expression of candidate IncRNA CCL3-AS1. The localization and co-
expression of CCL3-AS1 with macrophages in plaques were determined by RNA fluorescence in situ
hybridization (FISH) combined with immunofluorescence staining. In vitro, THP1-derived macrophages
were transduced with lentivirus or treated with antisense oligonucleotides (ASO) to overexpress or knock
down CCL3-ASI, respectively, and the expression levels of inflammatory cytokines and matrix
metalloproteinases (MMPs) were assessed. In vivo, an unstable carotid plaque model was established by

tandem ligation of the right carotid artery in apolipoprotein E-deficient (ApoE™"

) mice, followed by local
overexpression of CCL3-AS1. The effects on plaque morphology, macrophage infiltration, and MMP-9
expression were evaluated. Additionally, bioinformatic prediction using the catRAPID v2.1 omics
platform was performed to identify potential RNA-binding proteins interacting with CCL3-AS1. RNA
stability assays and RNA-binding protein immunoprecipitation (RIP) were conducted to verify the
regulatory mechanism of MMP-9 expression.

Results: CCL3-AS1 was significantly upregulated in unstable carotid plaques and was predominantly
localized to the cytoplasm of plaque-infiltrating macrophages. In vitro, overexpression of CCL3-AS1
markedly increased the expression of MCP-1, TNF- a, IL-1B, iNOS, and MMP-9 in macrophages,
whereas knockdown had the opposite effect. In the ApoE”~ mouse model of unstable carotid plaques,
CCL3-AS1 overexpression led to fibrous cap rupture, increased infiltration of pro-inflammatory
macrophages, enhanced MMP-9 secretion, and promoted plaque instability. Co-expression analysis
revealed a strong correlation between CCL3-AS1 and MMP-9 expression (+=0.89, P=0.001). RNA
stability assays demonstrated that CCL3-AS1 delayed the degradation of MMP-9 mRNA. Bioinformatic
prediction identified heterogeneous nuclear ribonucleoprotein K (hnRNP-K) as a potential binding
partner of CCL3-AS1. RIP and FISH co-localization confirmed the interaction, suggesting that CCL3-
AS1 enhances MMP-9 mRNA stability through binding to hnRNP-K, thereby promoting its expression.
Conclusion: As a macrophage-enriched inflammatory IncRNA, CCL3-AS1 may promote carotid plaque
instability by enhancing MMP-9 expression via hnRNP-K-mediated mRNA stabilization. This IncRNA

represents a potential molecular target for early intervention and stratification of ischemic stroke.
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1.1 LIl

HNE HE A E @ B (apolipoprotein E-deficient ,
ApoE_/_) B (el A, pE), mIBKE
(Research Diets, #D12492, £ E), EHHF (FHl
BBE, b E ), R X B H R (antisense
oligonucleotides, ASO) (B, HE), AN
¥o— ol E A K
ribonucleoprotein K, hnRNP-K) PR (#ab39975) .
CD68 L & (#ah213363) . F4/80 HL K (#ab6640) |
MMP-9 i f& (#ab283575) A7 T 1 — % fb % 5 B
iNOS) P 1K
(#ab178945) ¥j3k B Abcam 2\ &), cleaved casepase3
r ik (CST, #9661, 3 [H ), Magna RIP™ RNA-
Binding Protein Immunoprecipitation Kit X 7| &
(Millipore,, #17-700, s ) , Fluorescent In Situ
Hybridization Kit (FISH & 7 & ) ( i # £ ¥ ,
#C10910, H[E), Masson e il & . R ALY
3R 7] B A BE IS (Sigma-Aldrich, 3£ ).
1.2 XBWHTE
1.2.1 A#Fpksesk MR FRE WEATD KN
BB AR R E R BESZH 4L, Jd i HE 2% (4 FR IR A&
ZL Y% (0 58 58 BE 45 40 FIAS 8 TR O o % R NIR B i
O WEEFHEWE | IO0RY 5L L 4] D /0 SRR R ) W 3
Pedb TAFE IR . CD68 i 58 ' Y (4 4 1 B
F IV 40 g 32 0 15 0, RNA FISH 46 CCL3-AS1 ) 43
Aii 15 00 ) 55 CD68 E Wi 40 g . hnRNP-K £ 1 59 3t
(DATERIA
1.2.2 /) K30 3h Wk R AL 8 B e AR My 2 e 40 4R
& EHEAIEST T ApoE™ /N R Y 21 8l ik A Fe g BE
o B 5T Bl fok B B 2 B O A8 E 1Y 3l ik ok
FEREAL S, RRIT AN BB, 5 B R0 813 ik 3
Heo fRFORTE, PR 6 J& i P ApoE™/NEL 30 H,
FIRCE R 6 8, T EME (100 mg/kg) AT
HUEGE (10 mgkg) FEATRRME, JEAT A B8 ik f B
Z5HL TR A BB K AL ST B AR R 160 pm 1)

( heterogeneous nuclear

(inducible nitric oxide synthase 2,
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EF, FEAL T4 AR I U 1 mm Ak DL R G i Bk A4 (1) 3T
Uiy A4 3 mm A0 6-0 1) 28 €5 R g 2 4 4 & 2 45 5L
Wil J K BT BB B o SR FH R R Vi 18 o 5 A O et 3
ik CCL3-AS1, 10 min J5 884 1 1, 4k 2L = IR W 5%
4 Jal J5 Wbt o BC/IN BR300 3 Kk o 20 B Dk LB, A
BRI E, A HT CCL3-AS1 X BF e Fa i M 19 5% 1
Masson 4 €6 A5 I B B £F 2 i B S5 &, 43 By I A
TSR (BEH PR . 48 A ) o ZF 4E TR
SERCPE VA JoME B . S OO e 0 58 5 B 2 i
BAEE O . FA/80 P Gy (5 %5 2 B B N L 0 48
i, iNOS Uik gL o B E RYEE W40 L, cleaved
casepase-3 ViR M ERT-E M4, MMP-9 $T
A G £ 65 000 I 240 6 79 MMIP-9 3 I 175 L

1.2.3 w4 A\ THPI B A%/ W 40 i & 55 5%
FH & 10% JI 4 1L 75 A9 RPMI 1640 15 35 3L gE 47 855 3%
THP1 2l its 7€ 100 ng/mL 9% Ik Bk 5 8 48 h J& 2 1k A
MO E WA . AR K N B2 412 Chuman umbilical
vein endothelial cell, HUVEC) #1A 33k P9 5z 48 iy
(human aortic endothelial cell, HAEC) fili F PN 5% 4 it
LRI, NESKFHE VLY (human aortic
smooth muscle cell, HASMC) {#i F -1 L40 & A
B Fe k. 12 1 L THPL 40 (MOI=50) , 3453
Fa g oF 35 CCL3-AST A il & . 45 T B Wi 48 ffd ASO
(50 nmol/L) L F&AK CCL3-AS1 2635 /K - i i W %¢
i 20 8 5 I 7 & MMIP 3k . R0 4k L g R
FWERMPF TR B, B CCL3-AST £E 19 40 g R 1
T sl R R R .

1.2.4 gRT-PCR % J TRIzol i& # (Invitrogen 2%
A, R E) BEHCAE M4 2R B RNA,
PrimeSeript ¥ % 5% B i 7] & (Takara 24 ], &)
& W ¢cDNA, ff HH SYBR Green qPCR Mix (YEASEN
oyHE), ) X CCL3-AS1., P4tk B A 1
(monocyte chemoattractant protein 1, MCP-1) | i
A A 7 o (tumor necrosis factor alpha, TNF- a) .
4 % 1B (interleukin 1 beta, IL-1B) . iNOS #il
CCL3 & A #E 17 PCR 9715 , i 1] ABI QuantStudio Dx
{45 (Life Technologies A &), &) 17 I F L)
PN AR o I i il 26 20 A b ) PR R BH T 0
PR R AR . LA B-actin 7 R NS R KRR IE
oA ) mRNA JKF-, JF SR 27849k R A7 LA .
qRT-PCR Wy H R M5 7 51 0% 1.

1.2.5 RNAAZ M %5 FaE i %5 CCL3-ASI
() THP1 4052 (Lv-CCL3-AS1) KXHHR4AffIZ (Lv-NC)

Fe T 12 00, % ik TR R0 48 h 75T SRR 4 i 4y
bR E WAL, A 10 pe/mL R EZE D, 43 9I1E
0. 4. 8, 12, 24 hit4EANME, i F qRT-PCR ¥ 46
I MMP-9 mRNA % ik 7K F .

1 sS|MFSIE
Table 1 Primer information
E- 35| JFH1(5'—3")

IET7: AAG CAG TCA AGA ACG CAT A

CCL3-ASI
JZI]: GAC CTG GAA GCA ACA AGA
MCP-1 E[] : AAG ACC ATT GTG GCC AAG GA
S I : TTC GGA GTT TGG GTT TGC T
— 1E[f : CTT CTC CTT CCT GAT CGT
JZ I : GCT ACA GGC TTG TCA CTC
i E[] : CGC CAG TGA AAT GAT GGC TTA T
JZIf] : CTG GAA GGA GCA CTT CAT CTG T
NOS E[]: TGC AGA CAC GTG CGT TAC TCC
JZ 1] : GGT AGC CAG CAT AGC GGA TG
cCL3 1E[8] : CAG TGT CAT CTT CCT AAC CA
JZIi] :GGC AAT AAC CAG TCC ATA GA
VIMP-L 1EI1] : GAG TAA TGT CAC ACC TCT GA
J21] : ATG CCA TCA ATG TCA TCC T
VIMP-3 1E[f] : CTG TTG ATT CTG CTG TTG AG
J2If] : AGG TCT GTG AGT GAG TGA T
VNP9 1E[]: AAC CAA TCT CAC CGA CAG
JZI] : GGC AAG TCT TCC GAG TAG
B-setin 1E [ : CAC CAT TGG CAA TGA GCG GTT C

J2 1] : AGG TCT TTG CGG ATG TCC ACG T

1.2.6 RNA % & % @ % J%& % & (RNA-protein
it % Lv-CCL3-AS1 Ml Lv-
NC 41 F W 40 g, f# F Magna RIP™ RNA-Binding
Protein Immunoprecipitation Kit ik & U 4T RNA 25 A
AW R DUTE . TR UL, TR A0 i 2L b m
A5 g hnRNP-K ST & 4, MIA protein A/G
WKW H 8 h, I #E )1 2R % 5 hnRNP-K 45 & 1Y
RNA &Z &%), qRT-PCR % Kl CCL3-AS1 A1 MMP 7K
L, DUBIE = R AR EAE .
1.3 Sit=abiE

SC 5 A0 4 48 it o 39 ff ) GraphPad Prism
v10.4.2 5E 1. B 2 34T Shapiro-Wilk 1F 25 PEAS %,
PR AT 5 1 285 70 A B9 28030 2R T A S X BUR ¢ 6 6
B IE A R, R A Mann-Whitney U K5 55 ;
P2 22 1> I [) i 3 0 B0 4l 1) S =2 1 A 6 >R 7 A
R E AT R 22 R e R Spearman 41
B =1 TE 25 0 A HE ) A AR G 1 L R ORISR T

immunoprecipitation , RIP)
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PR« b ZE (v +5) Fono P<O.05 25 A Gt

RUYRECSN
TR,

2 # R

2.1 IncRNA CCL3-AS1 7£ A 31 3h Bk A~ #2 ZE BEER B9

E e R

30 X N #9 3h Jk Re R RN B e BE B 41 4Lt AT
SRS, K IncRNA CCL3-AS1 78 A F4 5E B
Herhm ik, EFiHk s (P=0013) (B 1A);
KRR — P KFEARRUER M, CCL3-AS1 7F
FEh kAR E B EiH 3365 (P=0.016) (X 1B).
CCL3-AS1 (NCBI Gene ID: 102724850) 5 4 it 5 [A
CCL3BEEIT MM, T 17 54k, 41K 646 bp,
H A% IncRNA v T IhRB R (B 1) . 8l
% 7~ N ASFaUE 301 80 ik 5 B HL A 88 R B IR A 0
AN T R WE L TN i R ek 20 T 5 P AT IR T
A5 R BE B RRAE (8 2A) o RNA FISH % 6 2%
7R CCL3-AS1 3 25 70 A T2 BE e (9 B Wi 40 g
o (B 2B-C) o FER AP 55 5 09 14 240 i b (46
HUVEC. HAEC., HASMC. THP1 F1 THPI-MO 4
Jfl), CCL3-AS1 7E THP1 A% 20 ffg LA K2 542 0k U5 Y
FEWEAN i (THP1-MO) s RS (KI2D) . W40

MR A7 8, CCL3-AST 32 B335 F 4 AE 2 1 BR
() B A0 R B b (1 2E) o DL R 25 5 7R CCL3-
AS1 & SEFEBEH Y B W20 i b, AT 8 R 4R B
2 B 2 1 5 i 551 20 Jok B B AR R T
2.2 CCL3-AS1 & i# B I 48 Bl % 1% 75 3 #0 MMP-9

Rk, MEWRATEE

T Sh A 55 3% BT 18 95 B /1 43 CCL3-AST i % ik,
3 LR E A R AEFE ] (MCP-1, TNF-a. IL-18
FIINOS) A /K ; ASO Rk CCL3-AS1 J5 W & F
P& MCP-1 F1iNOS K& K 3K 7K V- o W T B W5 4 j ml
53 Wb 22 i MMP 5% Wi S0 B g Jt 25 o AR 2 1, A
L 53 ST T CCL3-AS1 X MMP-1, MMP-3 Fl MMP-
9 FRIKIK R o 45 KW CCL3-AS1 X MMP-1
H1 MMP-3 11 mRNA 7K 7 Jg B & 52w , 4 2635 CCL3-
AS1 F} % MMP-9 mRNA ik 25 1.8 1% (P=0.002), 2
Z ., % CCL3-AS1 Ff A% 34% 1Y) MMP-9 % ik (P=
0.001) (E3A). fEFEHKF L, 3£k CCL3-ASI
Hm MMP-9 5 1 R B KF 225 44 (P=0.004) ,
i ik CCL3-AS1 [% ik 60% 1 MMP-9 & 1 /K SF (P<
0.001) ([#13B). DL Eg5REER, CCL3-ASI A fig il
If A B B 20 A 58 VE TG 3l R MMP-9 3% 3k 4 S BE B
AEE

NONHSAG020719.2 - 30 3
NONHSAG022745.2 — 20 {)HHJ?#ZI: *}Lj:ﬁzlx
NONHSAG073387.1 - 10 10 =] 15 -
NONHSAG046314.2 -
NONHSAG043681.2 o B P=0.013 B P=0.016
NONHSAG073855.1 — ~ 8 m .% =
NONHSAG014915.2 - R E w
107987206 - :‘S\J ’ 10 —
NONHSAG002812.3 K 6— #
NONHSAG009408.2 — = - “+—
NONHSAG082749.1 - = EIP;I
NONHSAG028757.2 - .E =
NONHSAG077584.1 — 4—' —
CCL3-AS1 o wn v 5
NONHSAG108367.1 — <| <|
NONHSAG032868.3 - (e0] 2 — L4 - - o
NONHSAG015681.2 — d
NONHSAG072037.1 = | | 8 I_E.I S
NONE 2 - L
T T T T T T T T 171 0 T T 0
PRI R R ] s R
£225% E e A B
36037828 Chromosome 17_NC 000017.11 36110447
L ]
| | | |
— CCL18 we) CCL3 4= CCL4 =

LOC105371746

CCL3-AS1

L0C129390864 ==

1 CCL3-AS17EASBIBk AR ET R P S RIE

RN7SL301P ==

Cc

A ANTEIKEERER (n=5) FIATIERERAL (n=5) FeFA N7

122 5% IncRNA #4 & (FC>1, FPKM>1), KAeIFHEA b i i qQRT-PCR % 3iF CCL3-AS1 kK T; B: §KFEAR (n=
15/241) Jfdi 1 QRT-PCR 35:3F CCL3-AS1 ik /K F; C: CCL3-AS1 K ZH45H)

Figure 1 High expression of CCL3-AS1 in human unstable carotid plaques

A: Heatmap of differentially expressed IncRNAs

(FC>1, FPKM>1) from whole transcriptome sequencing of human stable (#=5) and unstable carotid plaques (n=5), along
with qRT-PCR validation of CCL3-AS1 expression in the sequencing samples; B: qRT-PCR validation of CCL3-AS1

expression in an expanded cohort (n=15 per group); C: Genomic structure of CCL3-AS1
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El2 CCL3-AS1BEEEHETAIMMRARERRNERMAS A ASSIICARE TR HE IR ELLGLE; B: RNA
FISH /R CCL3-AS1 fE NS Bk BEHL (1 JFAL A B ; C: CCL3-AS1 & AEESEHEL WA s D N[ i A 240 g v
CCL3-AS1 [y 3iA7KF; E: RNA FISH {7’ CCL3-AS1 7S A% 41 R L G40 iy S o7 Fe sk 1 i

Figure 2 CCL3-AS1 is highly enriched in macrophages within human unstable carotid plaques A: HE and Sirius red

staining of human unstable carotid plaques; B: RNA FISH showing the in situ expression of CCL3-AS1 in carotid plaque
tissue; C: CCL3-AS1 is enriched in macrophages within the plaques; D: Expression levels of CCL3-AS1 in different
vascular cell types; E: RNA FISH showing the in situ expression of CCL3-AS1 in monocytes and macrophages

http://www.zpwz.net



1202 W E AR A 55 34 45

47 P<0.01 @ Lyv-NC 2 @ Lv-NC
A Lv-CCL3-AS1 P=0.002 A Lv-CCL3-AS1
B B 2.0 ?
2 34 K3
:E! P=0.02 -}2} P=0.55 =021
# iy P=0.03 # 1.5+ A A
= P=0.35 < 1.0
z o & z
- ==
£ £ 0.5
0 1 1 1 1 1 0.0 T T T
MCP-1 TNF-a IL-1B iNOS CCL3 MMP-9 MMP-3 MMP-1
1.5 ® NC 2= P=0.86
P=1.00 B ASO P=0.001 P=0.77 ® NC
o P=0014 [ ) P=040 P=0.009 P=0.37 o W ASO
x 1.0 7 % ; E
® #®
B o # 0.8 -
Ezé 0.5 . Ezg
= = 0.6
g £
0.0 T T T 0.4 T T T
MCP-1 TNF-a IL-1B iNOS CCL3 MMP-9 MMP-3 MMP-1 A
— P=0.004
Lv-NC  Lv-CCL3-AS1 Lv-NC Lv-CCL3-AS1 S A
& 24
R e — R 4
= P<0.001
=
NC ASO NC ASO 2
- =
0 T T T T
-actin o - -
B -_—— e — Lv-NC Lv-CCL3-AS1 NC ASO 8

B3 CCL3-AS1{E#EMMARER NI MMP-9 RiE  A: fEid A8k CCL3-AS1 () THP1 K E WE4R i rh, gRT-
PCRKGI 4 E PHlF-FI MMP S8 (1435 7KF-; B: Western blot il MMP-9 2K [ 7K F-
Figure 3 CCL3-AS1 promotes inflammatory responses and MMP-9 expression in macrophages A: Expression levels of
inflammatory cytokines and MMP genes detected by qRT-PCR in THPI1-derived macrophages with CCL3-AS]
overexpression or knockdown; B: MMP-9 protein levels detected by Western blot
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Figure 4 CCL3-AS1 promotes carotid plaque instability in mice A: Schematic diagram of the mouse unstable carotid plaque
model construction; B: Masson staining of the second segment of the mouse carotid artery; C: Immunofluorescence

staining of the mouse carotid artery (F4/80 indicates macrophages, and iNOS indicates pro-inflammatory macrophages)
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Figure 5 CCL3-AS1 may enhance MMP-9 mRNA stability by binding to hnRNP-K protein A: Co-expression analysis of

CCL3-AS1 with inflammation-related and MMP genes based on carotid artery transcriptome sequencing data (n=10);
B: Effect of CCL3-AS1 on MMP-9 mRNA stability; C: Prediction of CCL3-AS1 interacting proteins using catRAPID
omics v2.1; D: Structure of hnRNP-K protein and schematic diagram of its binding with CCL3-AS1; E: RIP assay
confirming interactions among CCL3-AS1, hnRNP-K, and MMP-9 mRNA; F: Immunofluorescence staining of hnRNP-K
and RNA FISH of CCL3-AS1 in human carotid artery plaques
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