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DR, #K. WEHARERN, TENFEMN G E LGV XRS5 #14
TAE. T3 IR 3 ik E B KR LR B %+ B, A7 AT A A 2 il R Je] R
SRR 4% A B R By 4k S AT R, R ILED I 5 ik R R A AR g 3L
AR BT 540, kR TR FZ A T- MR ET-HE B2 T 46T
FEBU. B LERERINE. LARNFE S AETAEEAR, TRET
W K 48 o T #FHCG20/U2AF2/EIF2AK2 15 5 4l 42 fiff ofn & 5 20 o 0 AZ 0 45 1F
H A 2 7| ik 3R & & T Circ Res. Arterioscler Thromb Vasc Biol A X% Hypertension %
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%0 ) 8 R 35 - RO Bb M B AR 7S A8E A B IR 17 R

BRI WoRsk W Al ¥ R

(R TTOR A B S o T3 BB, B 0 T 09 s PRI 9 HR Lo A 2 40 R 0o, T T] 361000)
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Super-Enhancer-Targeted Regulation of Pulmonary Vascular Homeostasis
and Its Therapeutic Potential

TANG Yujing, OU Langlin, WEN Shiging, SHEN Ao, LI Ziru, MA Cui*
(Cardiovascular Hospital of Xiamen University, Fujian Branch of the National Clinical Research Center for Cardiovascular Diseases,
Xiamen 361000, China)

Abstract SE (super-enhancer) is a class of cis-regulatory elements composed of clusters of multiple en-
hancers that possess strong transcriptional activation capabilities. SE drives the high expression of key genes by en-
riching high-density transcription factors, co-activators, and active histone modification marks. Studies have shown
that SE plays critical regulatory roles in cell fate determination, maintenance of tissue homeostasis, and the onset
and progression of diseases. Pulmonary vascular homeostasis relies on the fine-tuned transcriptional regulation
and signaling synergy between endothelial cells and vascular smooth muscle cells. SE integrates multiple signals,
including mechanical forces, metabolic signals, inflammatory responses, and hypoxia, to regulate the expression
of key genes in pulmonary vascular-related cells, thereby participating in the maintenance of vascular function and
pathological remodeling. In pulmonary hypertension, the SE-driven transcriptional regulatory network plays a key
role in the pathology of various cell types, such as pulmonary artery smooth muscle cells, pulmonary artery en-
dothelial cells, fibroblasts, and immune cells. SE contributes to pulmonary vascular remodeling and promotes the
development and progression of various pulmonary diseases, including pulmonary hypertension, by regulating pro-
cesses such as cell proliferation, phenotypic transformation, metabolic reprogramming, inflammatory signaling, and
intercellular communication. Meanwhile, intervention strategies targeting SE-dependent transcriptional programs
are continuously evolving, including small molecule inhibitors such as those targeting BET proteins and CDKs,
CRISPR/Cas9-based gene editing and epigenomic editing technologies, regulatory strategies based on the three-
dimensional structure of chromatin, and transcription factor-targeted degradation technologies. These approaches
offer new insights into precision therapeutic strategies aimed at maintaining pulmonary vascular homeostasis by
targeting SE. This article systematically reviews the fundamental characteristics of SE, their regulatory roles in
pulmonary vascular homeostasis, and current research on potential therapeutic strategies targeting SE, providing a
reference for mechanistic studies of related diseases and SE-targeted therapies.

Keywords  super-enhancer; pulmonary vascular homeostasis; pulmonary hypertension; epigenetic regulation;
super-enhancer-associated non-coding RNA; targeted therapy
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i 8 5% - (super-enhancer, SE)&—2KHZ
7% [B) L AH A ) #1441 55 - (typical-enhancer, TE) 54
TV R LA I 25 e )0 e 0 i I 4 A
TEs& —JKRelS 45 & ¥ 5% A+ (transcription factors,
TFs) I 3 s Bt s I8, d o i gk 3 i ] ) 3+ 7%
St P T R R DR R IA B IR 4% o, 38 LERAS
HoR R AREER Y. 5TEMLE, SEMUAEATE
K A) 5 TR 2 0% o AR B )3 P 3 A 2L B B A X
e S T = % FEI TFs MediatorE &4 4
435 5 1 4(bromodomain-containing protein 4, BRD4)

) G O IR B B spe B SRAK S ST v AR A S R
HHLs, AT 5 25 IR SH 200 i B 3 5 2 D) R 0 A 5%
KEFER ) @K RIE Y, ML, TEEZEH
P B IR, H B s e 018 W 95 T SEP,
SE )2k [K 2 1% B2 3 5 7T 35 8~20 kb, Jf & SR 41tk
H35# 2 1R 27 £ 4k (histone H3 lysine 27 acetyla-
tion, H3K27ac) M 418 4 H3 M & R 4 5 H 34k (his-
tone H3 lysine 4 monomethylation, H3K4mel)%
RN S S TR G DU/ SN TAR L8 TR 3% N
(chromatin immunoprecipitation, ChIP) & DNA-%
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H HEAERFFL R CUT& Tag(cleavage under targets
and tagmentation)&5, B A 51 GEE AL I H3K27ac
H3K4me 1 5535 V3 51 7 b5 & KAH R sk K 11 &
SEHFAE, [ AT LR ) 9 %5 %€ SE S HAH G KR A U,
FRYEAN A (1) € L3, BHIF A AT £ T H3K27acls
ORI RS T AL 0 5T BAERFE X SETT
HE RS o SELEANRI A MU S A 52 IR R e 4k,
T BRI B 3 g B DR S A R R B R
ERBRAS TS, 78BS 1 SERT /i S K3l 28 0 &

TFs (transcription factors) binding
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Chromatin looping
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L 2 0 e e A B 4 R S R AR OGS AL RE , A
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Jfd(endothelial cells, ECs)-5 Ifil 15 L4 ffd (vascular
smooth muscle cells, VSMCs)¥ D RE W [FIM-12, J 4

3D genome structure
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b SEMTE R IA T RIS 5 SRS A SR N TR 2 A AR AR 5 T X I £ 4, b (Rt v PR AR s i s 22 LA HCTCR A BNE SR T AR
S = GE(3D)JE DR 41 45 Wy B 48, il R TR = R TR R R RSE. P B SEE— 2 B #EHESE [KF-(TFs). BRD4. Mediator J2RNASE &
FFII(Pol T)&5 4% 5 Ak, F2 B E SOBRCR IR %, TG IRENEESE N (RT3 . 0 SES 5 IREN 1 KT 3L N FRIA 4TI R otk Thik4e

FF S R (USRS SO S A 2E i R A B R i

Top: the formation of SE (super-enhancer) is initiated by the binding of upstream signal-driven transcription factors to multiple adjacent enhancer

regions, which promotes the enrichment of active histone modifications and 3D (three-dimensional) genome reorganization mediated by CTCF and

Cohesin. These processes facilitate the spatial clustering of enhancer elements, leading to the formation of SEs. Middle: mature SE further recruits

and enriches transcriptional regulatory complexes, including TFs (transcription factors), BRD4, Mediator, and RNA Pol II (polymerase II), thereby

establishing a positive feedback amplification loop that drives high-level expression of target genes. Bottom: SE-mediated gene expression program

plays key regulatory roles in cell lineage specification, functional maintenance, and environmental adaptation (e.g., hypoxia and inflammation).
El SERYZEMFFER EINEE

Fig.1 Structural characteristics and functional roles of SE
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KA TR, W SRR ME RSP REE
SRR, ECSIE AU U 25 ¥ 18 18 Piezo LB L
YY1, WoE A R — S AR A B — %A & (endothe-
lial nitric oxide synthase/nitric oxide, eNOS/NO){5 5 1l
PRI A B R B R, AN T A R I R sk AT %
FAWI, LR MR R, VSMCs 3R B 7 42 4 FF
M AR A FR B AL, G e B ) 5 R e 32
ERET L LRk ) Ak BSERRRE, IFS
5k e A DRSS e MR U A, ROE
TR BRI A SO N 9 A B R I8 A 24 1) 2 0K
FIR K. RIEF T 07T BECsHIREFEART , f23E M MR
R PRI L A i, AT AR T BT e T b 4
% M4 (reactive oxygen species, ROS)FR 2 S 2144 ML
T i R A 5 1 5 2 A A 25 DA OG U9 SEl g 4K
AT e BV s R T B S AR . B BB RS
B A AL AN S et 5t 25 (A S5 A EE 98 BE G AL )
AU S RAE S M55 2 T 5 5, 4 ECs 5 VSMCsH i
P58 OB I (R R R S P SRk, AT S el IfL A 5K 77 R
PEDyfe M E EPR SR LRI, REMHT
SEFE MRS IR ER , A B TR AN BL R L
PRI R AE R IR 43 LR, I 3R] SE IR T T S i
FRAUH IS K

3 SESAimERS

FEAEBRZEAR T, il I A8 AR S O T K 4 T 4% 1)
g T, CAERRIME 7K 77 PN B o I e v % 4 e
RS, ARy — IO =45 o, SERT
It R RIS R 7 (W BRD4), 5 98 s M AH
I R SRR PP IR R 4%, AT LE I L ECsFTVSMCs
Y RF 90ORE IR S5 4 i 3 B 2 TR) 1) B 2 S 1O
Bl BECsH IHLAR BURPE SE BT i B, IfiL i BY 7] /) 4%
b, A% 5 A RIS AR R 2 R A DG Ik IR R e 5f
T, AT S0 I P B D e R B MRS AR PO, AR
MM, EERE 2IE B M LR B 77 2 U S5 R 3 1Y)
FIECT, SERTE M A Al KA S Ewmis, FE
T F R N 28 R, JFAERE R IG T . RIE A
Y FEAH DGR 1 S 0 R IA, I B A I if A 45 4 5
DhRefa s B, WML Z A, SER&EAHE. Ml
B 77 B A E IR 5 B PR B AR T () B B s
FX AL 922, b s oa] @ ik % R - «B(nuclear factor
kB, NF-«kB)%5 (5 5 4l 55 5B 4 58 1500, 5200 SEF T R
5iEt, M G 5 -SER iR R RIA 7

RN E Gt iR
3.1 BhzhBkFEiERL LR

Jiiti i ik~ 35 UL4H Y (pulmonary artery smooth
muscle cells, PASMCs) & 4 £ i Il 5% 77 5 1 55 45
APPSR L O D T IR 71
RV m] H IR BN L A, IS5 2Rl i
B, JUH M3k = & (pulmonary hypertension,
PH) A R e,
3.1.1 SEA42 PASMCs3¥ 7 Ao Kt Z % #2
PASMCs (973 F2 1 18 5 A AR it 22 4 72 2 PHIKIAZ O
TR PLRRAER . A RV I TR N, R
ZHEHE R, SEXE PASMCs S 1 5E K AR 5 4 2
AR b R B R . BN, SRS
FHPHBERE b, L /MALH % 8 142 H 4(nucleo-
some assembly protein 1 like 4, NAP1L4) & 4%
AT I 18 5m O RS 1T1(hexokinase 11, HK 1) 2
M3 K HK2 )5 31 X SEWg P, i &2 il HK2
e, {2t PASMCsIE B 5 Hl e iF8 , fi 2 o 3k i
I B AL IR e BE PHEO A R PO BeAh, A IEYE R
W), SEd I # 55 5% 5k A 1 XSk & J3(forkhead box
J3, FOXI3)Z 5% Glu/Asp & £ 72 5 A uify 45 1 15k
CREB%4; & £ H /p300 HAF #% 5 30 K+ 2[(CREB-
binding protein, CBP)/p300-interacting transacti-
vator with Glu/Asp-rich carboxy-terminal domain 2,
CITED2]#F2: 34, MM BR #1554+ T PASMCs
0 5 5 S B T FAE SZPHIT) I Y . SEAR OGR4 2
ZRNA(long non-coding RNA, IncRNA)7EPASMCsf{
R T AR AR IE AR . WEURY, RS SR
R, CCAAT/H 58 1455 8 F B(CCAAT/enhancer-
binding protein B, CEBPB) A # 4 % % IncRNA
LINCO1013 {1 /5 27 X3 I B [7] SERs Kl , &
SR R LRk B LINCO1013#E— 215
S H R AROM 1 B S T Il T8 1 (voltage-dependent an-
ion channel 1, VDAC1)Z F4b It 5] Kk 28R /R T g
R, ALTE EAG ST G o AR e K P T
BET 2 5 4% PASMCs 4 56 J2 RAE , 4 NE PH
LR, I FUR BN, 1RGS-S TPASMCsHY,
SEAH K LINC00599# 14 & % Fiff . LINCO0599H< it
NS-F L [ F (N°-methyladenosine, m°A)&1fi, 5 GTP
FiF IS 25 ] SH3ZE IR ES & B85 11 1(GTPase-activating
protein SH3 domain-binding protein 1, G3BP1)A4H
& 428 A WLER &5 #E 8% 9(myosin heavy chain 9,



B A S 1 Y 9 K A A A R A B AR VR T

1957

MY HO)E R~ 73 B 45 4, 1X—3d 725 PASMCs
EE K e AR . R IR LINCO0599 7T i 25 2% i
PHAR SR B , k20527 SEFE PASMCs i B i
TR B VAR IR T HE SR

3.1.2  SEif4z PASMCs#2 F 14 2m i 5t T A K JE R
L BB TR L, SERT I8 Vs 2 R
MSE TR A (AT 2 AT, 2 5 PASMCs # 1k
WS K D Re B A . BN, SERTIE IS Rk e e e
CUFIAGE Y, 17 555 7 Xk & P3(forkhead box
P3, FOXP3)% UNCS5B-AS11) )5 8 7 X 15k, #E—
il H 5 . UNCSB-ASIERIE W N i —Sid@id
ML [ H3KI8FLIR 1L , /1 PASMCs R PER A
e L B, ;A S 5 PHII R AE R ED . 1t
Hb, FEGRA T S I PHE Y | PR RNAWLER R 5
BE8(circular RNA myosin heavy chain 8, circ-MYHS)
I 5 B AR R L R I8 7 (lysine acetyl-
transferase 7, KAT7)34 5% Fost¥ 2% [12(Fos-like antigen
2, FOSL2)fir i (¥ H3K 2 7actE 1 I 0m H AR G SE, 1%
WA FOSL2%: s 1 G 5, N5 S PASMCs K AE
ZRT, B ZIN e i L EA S PHIE JE B 5
— I TR, FESEEME T, SES 5 HiEPASMCs
FHIRHR RNA Lrch3(circular RNA leucine-rich repeats
and calponin homology domain containing 3, circ-
Lrch3)3RIE, FHAEHAE F I LRCH3AL B SR IF
(R-loop) &5t o | SEVH M4 AT IR R-loop 45 #y £& iE
P, BETTHG 5E AR A AMALS T I e AN AR T, e n
Il B AL I HES) PHIS E R BV (EfE R,

SE 0T AR B [ e 2R SR o A S 4 S5 g )
BT, SEmETEAL I E EH3K27aciE M, SECATE(R]
VB &1 8% 5% X ¥ 1 (paired like homeodomain 1, PITX 1)
[F1E T, 3R B BURE 5 14 8 2 1 4(dual-specificity phos-
phatase 4, DUSP4)[)%% 5 bl . DUSP4il I 41| 22
55 AL B TR (mitogen-activated protein kinase,
MAPK){& 5 Il B g A5 P PR 4R A8 T, 7R — 2R
_EBRHIPASMCs|rys B 5 28 T AL S PHIF) 2t e
iR TR W, SEXTPHIERE ) i 72 HA Bk
R, D RE 22 e O B T P R 4 ) A R 2 A
SRS, T AR SEA & S5 KRk ) 72 7 (R 1)
3.1.3 SEA4£PASMCs A5 & A 44 PASMCs
(i B W il i I N R — P B
AR A AT T R 4, PASMCs I H Wi 7K
[FIFEZ BISEM B . LR, SRR,
PASMCs W SE#EHGE I 2 5 M IR RN ASS i 42 1
4(circular RNA calmodulin 4, circ-CALM4)[] 575 I
o cire-CALMAE I 478 55 1 S DR 7 e i 4R o R 45
4 8 1 B(purine-rich element binding protein B, Purb),
R3EHETHE WA OCH 1 Beclin 14955 Kl BECNI Y]
BES KT, HE 05 PASMCs F Wit , i 3E i 1fn 5 25
K FEHES) PHI R AE R JEBY . b4, 75 PHAH S 2R
AT, PASMCs 3R B e i th 52 31 SEAH <A 2 Y
RNAI#% . SEJRAII UNCSB-AS i i i 2 715k
WABMA T B RAE R A 5, (23 PASMCs 5 [
RAEWOE, I F R R AR S N E A 45
1 1(calponin 1, CNN1)AIF i L& [ 22a(smooth

1 SEVH{TPASMCsIhgE M PHi BRI TSR

Table 1 Representative studies on SE-mediated regulation of PASMC functions and PH progression

SEM KT BUFEDH /N i B T AN X PHE ]

SE-related molecules Target genes/downstream pathways Major biological effects Impacts on PH

NAPI1L4 HK II Glycolysis 1 Promotes PH
Proliferation 1

LINCO1013 VDACI1 Mitochondrial damage Promotes PH
Glycolysis 1

LINC00599 G3BP1/MYH9 Formation of LLPS Promotes PH
Proliferation 1

circ-MYHS8 Inflammatory phenotypic switching Panoptosis 1 Promotes PH

UNCSB-AS1 H3K18la Inflammatory phenotypic switching Attenuates PH

FOXJ3 CITED2 Inhibition of proliferation Attenuates PH

circ-Lrch3 Pyroptosis regulation Pyroptosis inhibition Attenuates PH

PITX1 DUSP4 MAPK inhibition Attenuates PH

1 R

1: upregulated.
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muscle protein 220, SM22a) 131k, F i 288/ A R
F AR EV)E M A (osteopontin, OPN)F1 Kriippel
FERF-4(Kriippel-like factor 4, KLF4)H3iA, M
IXZ) PASMCs|r] 28 i M & il 38 8 % ¥ 9 2 5 Jidi if.
EE,
3.1.4 SEA-Famiei@fz BRI PASMCs H &
AU 3G 5 S5 A W 2 AR AL, SERE R E i A T il
I A8 4 1) 368 1 5 e il i 7 AR S . W KB, Bk
A5 BUSE S H WS 5 PASMCs 1 2 il M4 2 11 3R bl
4(syndecan-4, SDC4) I RF8: i RIEM K. SDC4IH
AR 33 At 3 K P9 52 48 B (pulmonary artery endothelial
cells, PAECs)5 PASMCs 2 [A| U4l i e @ (5, 5
PASMCYE SR SKAT T HIE AT RS | 1k — B HES) il
I HE A PHR e BT 2RABU, PASMCsTE s S Ak
)5, MIR100HG3Z SEF fEM 35k i, Jolid 576
SRS AR 4% K- 1 (regulator of nonsense transcripts
1, UPF1)AH B.AE FH I8 35 1% Bl 5 240 5¢ K - 2(nuclear
factor erythroid 2-related factor 2, NRF2) mRNAF2
SEE, S5 TR S A A SORE PR ORI, T AR
HPASMCs 5 B WA BAF, H 55 5 48 A () fif i
B, HESI ML 5 T PR S Y i e PH: e Do)

AW R W], SEFE PASMCs 3 Bd i 4%
R ERFE . RAERML . SR i it 7
IXEh H S S AN D e L gm AR, AT 25 1 48 il of
EEM . X NRNEAE PHI R IR AL I R8T
TRIT RIS TR AL [ SRR K
3.2 BhmhBkA R 4RAR

it 5 Jik A 12 40 i (PAEC's) A2 J8% i1 I 3 5 1) 2 A%
o SR 773 Bl B 2% 9 RO B A R Y, D)
R B 5 A0k DA A A2 il I A A RN PHUAC 26 1 7 A <
Z PN, BRFURE, BAl Gi i s R RIS Sl g Ak,
RN AL 812 7E PAEC s £ 51 958 o (1 /E FH 1% 2 2|
FyFE P, Horp | SE# o 5 98 3 5 1 s L P [F) R
M ALAS G 2 S R DR 30k, BRI 2 5 i if 48
9, X — R O 2 H e S B — 2P0
iF. Reyes% O i) # 4 PH & # >KiF PAECs[f) RNA
M (RNA sequencing, RNA-Seq). Yt % 3T
JEMJF (chromatin immunoprecipitation sequencing,
ChIP-Seq) £l 41 25 112 1fi (H3K27ac. H3K4mel.
H3K4me3)/KF, KIMAEZIRA T PAECs )i 13
SR SOW R AR L YR, A ) g X e —
A R I IRAT SERFAE, AT IX B S 5 1 22k IR v 425 )

%I H5PHINKRAEKE.
3.2.1 SEBE#hégcircRNA  TEGE S ERIT,
SE 1 i 22 T i #2545 4 B9 RN A A 3 ¥) ECs T g 5
. BN, fEHE S FPAECsH £ 25 FH4(keratin 4,
Kred)F R J6 AH 5% 1) SEA S 25 8075 JF % 48 H3K27ac
&, I S R K 5 CCAAT/ MY 55 745 5 H H
a(CCAAT/enhancer-binding protein o, CEBPA){i¢ i3t
MR RNA cire-Krt4HJ¥e sk . DIREEWT TR W], SEWK
HE 1= I I cire-Krtd W@ 5 & RS 7 41 45 G
I A(purine-rich element binding protein A, Pura)H
HAEHZ 58 W B 18] 78 1 % 4L (endothelial-to-
mesenchymal transition, EndMT). [A]i, SEif il 45 &
2Rk AR H TR (glycerol kinase, GLPK)FLEL £ ki {4
RS TR IR SR A Wl S 8 S S AR R 0, AT
FEPAECHGTE ML, e 4 3 il 1f 5 =6 44 4 2))
PHEEH,
3.2.2 SE¥ 34y IncRNA  SEILH L 45 In-
cRNAZ 5 PAECsIREFRENG . ATIIHT 7E A B, SERX
1) IncRNA HLA K 51425 2044 5 [K] (HLA complex
group 20, HCG20)7E Bk PAECsH 0. 3% B, HLi]
W E 7R, HCG0REMWs L4 & w4 BT HE R 1 U2/
1% RNAH B F- 2(U2 small nuclear RNA auxiliary
factor 2, U2AF2), {1 N FAZ B IR LG A T 208
1 2(eukaryotic translation initiation factor 2a kinase
2, EIF2AK2)FE K] ) 57 % 874, 55 PAECs R T
JEndMT. [FI, i 3% B HCG20iE vl 3t A e ok
VS A WA TR TEO i A3 1Y) PASMCs B, 1 177 i 1
FIETE . AEZ il PH/N RUBOR SRR | o 3 T
ECs HCG2071A R 1% i 25 1 il M. 4 =98, JF 10
PHEE A,

bR R W], SEil i % PAECs 1 5% ¥
SO A% cireRNA K& IncRNA %5 JE 45 % RN A 4%
W2k, 3 PAECs 20 M 4B R 5 PR BB T
EndMT%5 2 P 3L B2, AT A2 138 544 e PHIK
A R e R A B LA
3.3 HfthZmke

i L6 R 2 PR A0 5 MRS T i 8 el P 35 22 b 2
i 2K T ey 52 W 8 ) 2 s i 42 5 A L T B A
TERAT YA . S ssE ™. X —E R, &
G BN [F) 40 B AR R SEA T IR B iU,
Bl DA 22 200 B R AR 10X 45 S22 T IR A SR A L 7 A 28 K 4
i AL AR R R
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3.3.1 AR AREF 4 tm e JIET 24 4 B AR DR — il
LA A) 78 5T A0, T S a9 Y A i A
(extracellular matrix, ECM)f BT 583, 7645 i
HMAL ARSI, R, £
PR, BCET 2R I 1) JL B 2T 4 20 B S i A
F& i 47 44k (pulmonary fibrosis, PF) & 4= & J& B4
AL —B, BFFEN G5 T H3K27ac ChIP-SeqXf
PFAHZREARIEAT 24T, K I SEREHEHE 7 F 5 5%
— 2R B AT AR A A OGP R e,
T AERF AT HEAN M AR 28 3 WO IR S . X — 172
AL E ECMIT B2 TTAR S 18 s A il # e ), idsi
RETBOR 5 3 W A7 5 8t — D N R Al 2 2R 45 ) 76 28 % P
BERE U, b4, SEXE A AR B K T RA
YERE AT HEAE M BOR MR AL . WETTR A, 7EI AL
reamifrh, SESH R+ Sk & L1(forkhead box
L1, FOXLI)HmKTFRIEM K, HEREZME
ECME 23 J2 40 8 FEAH SC B R il 0 1, BIREIES
&A% 1 (bone morphogenetic protein, BMP). Ifil./)s
B R M AR K I 7 524K au(platelet-derived growth factor
receptor o, PDGFRa) LA }2 TAZ/YAP(transcriptional
co-activator with PDZ-binding motif/Yes-associated
protein){& 5@ A K 755, 4 FOXLIYEUTERRT,
IR Th REIE A BB oK P B35 T BE, 30K SEal I i
P2 FOXLI IR AERS AT 4e 40 i D sevE 1%, Il
AEIE I 2 20 A RO SR R 2 S b A AR S 2R
1 SR R AEPF IR R AR R,
332 MeEsmie B E Ryt 2
o S G B R A, AR AIR A T A 2 5 i il
oA A Bl 28 R e S 4 L AL R TR K S K I A
VRS, e BH ZE P it 9 (chronic obstructive
pulmonary disease, COPD)%E & V£ il 28 GRS T,
WAL iyt LR 40 B A B K SEROE, JF R 2w
TR A S AW I AR SR FE R AL . WA TSR]
X L8 SERE 5248 BRDAG R ILBUE N 1, 2 517
15 5 7 42 J& 25 (1 12(matrix metalloproteinase 12,
MMPI12). H4IHIA 2 -1B(interleukin 1B, IL1B)Z5:EL
I Ji DRl AR 35 2 v R0, AT TBOR JR) 8 8 AE S ML 412
pei i MUEAR AN 187 A

g3 bRk, SELENM M & 48 iR 1 i 23
TSR] — i E IR S L R R 1
ST PE, DXENAHMACH B g AR, Rl s R AE
S SEAH R B R A7 T i, TEOR ST e By = il it

VAIERE PP PRGN AE T (BT BT K25,
0 S R R Sl 8, A 4 Th RE EEL 4w A 1Y
el MR A ARG S RNAZR I, F i 20 J2 e s iR 4%
W2 Tt I S m 4 (e A5, PR A R4 SR
BRI DIREEAT . LR HLHIIE R K T SES 5 i i
TSR SRR R AR SR A% 0 73 T 2t . 2T B
ML, SEFEA [ AR AR S 4 B SR A v, W iR S i e
AT IR EIE AR R RIE, B2 54ER 5401
FRIIE S DhREREE , th mT RELE N A% A T J o 240 g 7]
A 5 i i L AR S (2) 0

4 FLESERVEAIATT SRR

4.1 FESERZNEERIZFHND FHEY

4.1.1 BETZkfem4p#lA] ALK, 481 SEIKE)
e SRR PP B /N ARG 7 g 2 RO B MR K
FEWAE AL AT 7 Ak ) B ZZRIF 707 1) PO R G5 R I AN
AAP AR it (bromodomain and extra-terminal, BET)%g
FI K5, el /& BRD4, R i HIR 45 H 18R il iE
AL E B AR, W H3K27ac, IR %= %
THER A SEX 1. BRDAH] {2 RNAR A HE I 55
e IRk e SR A A, AT 4 FF SEIR B 1) B0 1
eIk B, PR, B ) BRDA /N g 7 FIFE 2
o e AR e J 3 2 VR TV /). fldn, BET
77 JQ1BE S T 1 SE T2 1 i JBd P AH O JE B 1)
FIE, AFE R B [ P63(tumor protein P63, TP63).
MET & % X (MET proto-oncogene, MET)F1 Fost
T A 1(Fos like 1, FOSLI), M4l Sk 2505 40k 240
MR IR 8 KR Y, A —F BETHIH]
77 OTXO015HE 4% A IR 45 #4155 1 2(bromodomain-
containing protein 2, BRD2). &5/ k& A
3(bromodomain-containing protein 3, BRD3)#fl BRD4
5 i 254, 0] B SEBRSN K MY C Ji Ji ik [A]
(MYC proto-oncogene, MYC) J H. Rk %, F-1ER
P P I 4 L w355 S5 4 ) 30 L i R R T O,k —
A T SR B[R] SEMR R E e S AR P VR T I D

4.12 CDK#F&¥em¥pslAl  BRBETHIRAN, 5%
Si Y 2 F5 % D) RH 5 1R 40 i ) 300 o 1 MR
(cyclin-dependent kinases, CDKs) 7t 4 ¢ SEIX 5] [ &
et KT B s B S 7 TR R SRR AR T B FE ik
EPUR 2 AR T4H ML (chimeric antigen receptor T-cell,
CAR-T)VR YT 5 3 40 Hu I8 1B I R 5 1iE (cytokine
release syndrome, CRS)# A | CDK 7401|771 THZ 1
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PAECs (pulmonary artery endothelial cells)

~
PASMC:s (pulmonary artery smooth muscle cells)

1Glycolysis & Vascular
NAPIL4 —¥ proliferation remodeling
LINCO01013 —» _ VDACl — Mitochondrial
oligomerization dysfunction
circ-MYH8 —» TFOSL2 via p@slnﬂammatory
H3K27ac death

tBeclin 1

) )\
circ-CALM4 —» 0% (0) Autophagy

circ-Krt4
(SE-driven circRNA) IERNA [RCGAD
Interacts Binds Binds U2AF2
w1th$Pura GLPK EIFYAK2
aternative splicing
Mitochondrial
EndMT dysfunction PyroPtosis
I ' 1
Proliferation & Vascular
migration remodeling
o-0

PAFs (pulmonary artery fibroblasts)

Polarization

BMP, PDGFRa,
TAZ/YAP
pathway genes

FOXL1

|

Fibrosis
progression

Tissue
remodeling

SE (super-enhancer)
core mechanism

Pro-inflammatory/ MMP12,

tissue-destructive [ -1 B 2
genes . X
\ o . © Pro-inflammatory % %
Amplified Persistent activation S cytokines &
paracrine signals —> ECM depositiont Amplified local S
Migration inflammation &
PAECs

Alveolar structure
destruction

LINC00599 —» Liquid-liquid __,

; _Proliferation
phase separation

PITX1—p 1DUSP4 —> |MAPK — Limits

High-level signaling ~ remodeling

transcription

Cellular communication

%0
0
"io Immune cells,
A 2 ¢ pro-inflammatory
‘ cytokines ()
..

SELE 2 Fof il 355 AH OGN A S 28 e S ik 3 42 G B IR 2 AR R T RNA ) 578 R IE, 2 5l 8 RS 1 4 Jomi ¥ M 2 . /EPASMCsH, SEi@
PR E R RIERPL, W R, 25 3 40 i S5 3 G BEAN 0L JE ) YEPAECsHY, SEifId UK FljcircRNA & IneRNAKIE, /-5
FEIHRERRRG . JoRE [ B X EndMT; 76 RRET4E4NLF, SEGRIELET 4E40 i 4316 S ECM TR, 75 il B W4 e b, SEIE ek i 26 i A O E DR R
SRR IERE S o ARG HI B 2 )38 v I ARG D RNA L JEE PR T~ KI5 52 A4 AH OG5 5 T8 % A S 41 Mo (@ 15, (2 3EPASMCs PAECs 2 % 4l

P8 22 18] ERIAE ELA'E FH, S TR1 ) il o DR 35 2 A R it . 5 A

SE regulates the abnormal expression of key genes and non-coding RNAs across multiple lung-related cell types, contributing to pulmonary vascular

homeostasis and pathological remodeling. In PASMCs, SE regulates metabolic reprogramming, inflammation, autophagy, and phenotypic switching,

participate in the regulation of abnormal proliferation and vascular remodeling. In PAECs, SE drives circRNA and IncRNA expression, leading to endo-

thelial dysfunction, inflammation, and EndMT. In fibroblasts, SE promotes myofibroblast differentiation and ECM deposition. In alveolar macrophages,

SE amplifies local inflammatory responses by activating inflammation-related genes. Intercellular communication mediated by non-coding RNAs,

inflammatory mediators, and membrane receptor-associated signaling pathways promotes crosstalk among PASMCs, PAECs, and immune cells, collec-

tively driving pulmonary vascular microenvironment imbalance and vascular remodeling.
[E2 SE7EfHMETRZS K A ML & & s o B9 % 4R T (E

Fig.2 Multicellular regulatory roles of SE in pulmonary vascular homeostasis and disease

REfS 2 35 PR AR5 SEAH G 28 0 I B BE BR] [4nME 5 5%
555 R W0E K 1 1(signal transducer and activator
of transcription 1, STATI)FNIL 1B KK, [A]HF 1)
i RNAZR A B T/E SerSHI Ser7hr 5 (IR AY,, MITTZE
fift JORE JRSL B, A, 7R T B R, CDK O]
71 CDKI-73 7] AR RNA SR G 11 Ser2{vr i (I BERR 1L
K-, AT B ] 4981 k38 3R 32 4 (androgen receptor,
AR). MYCHIBRD4% £ 55U AH S 5 I8, F40

il SEAHCHE R R, 70 B SRR K2R 2% 5 AU M RS
FEABEZRY h SR H 3 25 R B 3 G A

413 MFHTEBATIR  ARWNEEFEEEH,
p300F1 CBP/2 KR  H LB #4 0 , nIfESG 98
TR SE X Il 1 H3K 2 7ac& 1M, M 4 5 L3 4 5F:
X )y B 5 IR (1) fe 7K P 5 BT, e B M CBP/p300fH
A FM I 77 A-4857E MEI R 52 44 BH 4 7L e R R I
BEMHER . BRI S, A-48540 3 1] 2 3 [ (%
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MYCFIE A% A D1(cyclin D1, CCNDI1)% 50
FEK_E i SEX A H3K 2 7ac & & /KF, i #iI SE
WRAGIE e e BY . X R, a3 2459 B W CBP/p300-
H3K27ackix — 5 B& BEA8 A7 21 0 1 SELK B (1) B
SRR KA . Ak, HEEH 2 OGS (histone
deacetylases, HDACs)tH 2 5 1% SEAH K L AL A5
10 S L8 T CIRES B0, 78 Jie o3 B 41 B JRg B Y
{5 HDACH i 771) 411 Panobinostat 1 Romidepsinib
5 ] Sk 2% IR R RR P SER H3K 27ac 500, JF
PR BE SEAR ICFE R 55 RNA TR A B 1T 5 48 2 PR, A
T HESEIKZ) (1) B i s F 77100

EAFE RN, RE BB/ 1357 s 7T
F BT R e, (H ) BET & 55 SEAH KA
25 R ¥ (%) S W AE il 3 ks R B A v AR S B
— ST R B, BRI, R AT B BET A1) 77
RV X208£ 2 H Lo Hil I AR AT 7T Hh 7 S5 35 2503 i 1f 4
H, FFE RSN 7% 5% UL PAECsHIPASMCs
(58 S . DU T e RAERAY, 1 — B SR HAE
JIFS LB )9 6 R FH AT
4.2 $ESEMERGES RUER A RE R
42.1 CRISPR/Cas9# A BEHECRISPR/Cas9k A ZH
Ui RO IR R, BIF TN G AT I A o 2 R 4
W) SEFF A1, ARSI AR A g b HL A s 45 D e
B0, 752 Fh AL A s, CRISPR/Cas9 /M B
Ephrin A%!5Z{£ 2(Ephrin type-A receptor 2, EphA2)
FA5% SE T & 3 PR EphA 2/ RIE K P X —T-TAE
A SRR P AR v 2 B S AR 1 e 20 i P 4 B A
T, UERH R W SERA B B A Dhe R . KA
Hh, FEONEEET U, Z AT E R
TEIISE, X LESE F F AL O B ZE N, anf G2k
[A8(paired box 8, PAX8)M1EphA2. F|FCRISPR/Cas9
Tl IR X 6 SE R I 25 [ A1 4 J5k D] 3 34 I 410 ] Job g 4
JOBGEE O, SARTTF , X LB T 18 AL 52 2 T )
F CRISPR/Cas94t [ SEF2 it 14 J7ikEHE , X —F B
BERTE N DhRew 78 T R, W HA WA 6T S
fH.
42.2 CRISPRi#A  SATII5E A A MR AT EE,
CRISPRT-# £ K (CRISPR interference, CRISPRi)itfi
1K K 15 Y Cas9(dead Cas9, dCas9)5 Kriippel 58
T8 M3 (Kriippel-associated box, KRAB) Il 45 #4)
&, FEA SR DNAFEFI RGO TR B AR sk
AT R AL N, ST SEVE P4 1) Al 0 i 2 190, /&

SR T, CRISPRiFNH] SRY AH X HMG & 4% 3%
[X ¥ 2(SRY-box transcription factor 2, SOX2)#H % SE
Fik 5, SEX I H3IK27ac & /K1 B35 [ A%, [FIm
Hi 553858 15 B 3 T 2 A Gy A AR, A
M FAI SOX232 325 7K 1 FF Hil 55 b 928 24H it 38 4 J 35008g
Re /117, teAh, fEE BRI ECsH, CRISPRi#IH]
FOXPIHHK SE2x I 55 FOXP I8 1) % S B0 e
FEIE ECsH %, i3t — Ui ] SEMRB) % 5% A2 7 7] LA
TEAS P AR FE PR 2 7 81 R0 17 00 i 4 1681 X et 9
DAE PRI st N 20 I8 AL B 1) T T SEFR L T
SCER AR -

R FIR RS NS SER RS HE R i 34t 7 &
BRI, H B FE A P S A T
FuA F EAE R AENLHER R B
43 ETHERTEEW TR

W FLUESE R, SER)DIREAEAR KRR BE_F AR T
LR B = Y g e i 250 10, X — Rt o S 8] 2
[T TRSESR B I % s AR P S it 18 it o g
43.1 Mediator & s 3 251K Me-
diatorfE Jy IG5 1 5 5 8 1 I O B s L0
A7, 7£ SEIX f iy 5w 4, JFiEid (e gk RNA K G
TIEH 2% DL R A 3 18 98 1 — 3 3l 2 B A BLAE A ok
AEFFIR A e e B U0 BRI, I dTAG &
G AVERE R Mediator 5, 29 AL SES H AL AL [A 5
BT 2 [ B AH BAF F A4 I 35 BAIG, TR s) SEAR 8
FER [ ZRIE KB R U, X e g5 AR HH
Mediator B e fe % A & TPt SEMR B ) F 5 e % 1%
¥, TR B ARG IT IME . 1545 B w40
H, siRNAFRKIE Mediator J i 152 e 1 37 55 ((TMED 12
B{MED13/MEDI13L) ] {3 {1 2 Fl il 3515 £ SE
IXANHE DA Y mRNAZK-, 3001 g 4 A 14 4 U2
LR — 0 SRR TR D RE I TP Mediator P 2
DL 436 P 500 1) SRR 14 % SR A S bt i Jeg SR mes 1 ]
171
4.3.2  Cohesin/CTCF HEEEAR K
(Cohesin) FICCCTCH: & A -1-(CCCTC-binding factor,
CTCF) /5 [ e €00 )7 24 45 1) 75 B 1] SE 1 428 ¥ Bl &%
FLRR R DR B U7 T R ¥R OCBEAE L . SEME AL T
R BL 25 #4358 (topologically associating domains,
TADs) , Fi i Cohesinffk i [t S 2 57 4 45 4 5 1
SN 5 )7 8 Boks € B 7S A Bl 730 8 /N B iR
T-4Hfurh, XTPR/SET4S #3845 1 14(PR/SET domain-
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SR

containing protein 14, Prdm14)#H>% SE & [ e b i 45
7 % W], 1% SEilid Cohesin/CTCFA1 3 (345
[ (loop extrusion) WL 4E£E 5 Prdm 143 5)) 1 H %% [8]
RIHE . BBk, 12 SEI 5 M 4181/ Jik DRI ot 285 4 L
IS iz B A KT A SA 1 (solute carrier organic
anion transporter family member 5A1, SlcoSal)13&
ik, #—UF W T Cohesin/CTCFA 5 1) =4k 4Lt
RN AE SEFE M 28 ) D ReE R VY. H AT
W FEMASF R THHIESE, 11 Cohesin/CTCF AJ 521
SEMXEN I BREIE R 35 . B 5, BEXT CTCFIIHE i 3%
W], CRISPR/Cas941 3 [ CTCFAL sl B X CTCF %
fiff 23 2 A Cohesinfffi € ) Yt A 51, S 20
5T )8 B TR N B . CTCFERRJE 2] 90% (1)
Cohesin I FA S5 K93 2%, [R5 1 —J5 3l 1 AH
HAE 98 E T 20%~30%, FEAF: Bl E 20 1 5 - 4t
PEREDR A TN 7, LK, £E Cohesin/Z 1, A% 0
7 HE RAD2 1) B g AN 3 S50 G 105 B4 245 7 R AR
22, A AE CBP/p300 KA Y 3 78— S 5 PR 08 TR M,
&7 CohesinfE 4 SEIR B i 5 v (1) B A FH U

S X G A0 Jo7 7 [B) 45 ) 1R AT 2880 LAE it 1
B R FAN BN BR , (H AR 1 SEDIRE )T
R A — PR
4.4 FR[EEREFHF IR

SEIH & % IF R — 1% 0 7 K K (core
transcription factors, core TFs) & H Wp A5 K+, LA
Y RF m BEAE BRI R U il AE B
R, SEW IR 3] core TFsk% 52 4R W X % 3C4H A% A
1(nuclear receptor subfamily 3 group C member 1,
NR3CHE L, M EGE T iF E00 7 588 7
R 2F il 83 4 J T A0 T 25 DI 32 o 24 B 2 T A
il SEYE Ml 1 NR3C 1, W] . 3 5 9 SEMK A 1K)
SN, A 5-GR R I E T 24 JF A e gk R, B
N RIFIRITIE IS, e E R AR Y, SE
T8 s IR B0 /) B B T AH 26 8% 5% Rl (microphthalmia-
associated transcription factor, MITF)Fl1%% 5% [X ¥~ AP-
2a(transcription factor AP-20, TFAP2A)W) =ik, 14
FEAZ O T SR IR 2%, DT A 2 IR e s 2R R S AR
W E WA IR A . St — PR R, T
X 88 core TFs 2 Bl 14 AT 3 25 4] SEAR S ) %
st — 2 BRI R 4B B AR G, $R7R R IR) SEAH DG
SRR 2% BT VAR (RIR 97 I E

AR, B BE A 1) ik A /K (proteolysis-

targeting chimera, PROTAC)$:: AR M H#E ] AT # A
N AT R 1) B S TR B AR TR I 2 B 2 T
Hilg B, PROTACH T T2 & - EE MK RSN
S AR, FTHE G SEAH O core TFsEY I Sk 4 K 1,
TE B /K SEBL RS2 =y A 0] il n, 7R
JERi AL ¥ BRD4 M PROTAC 731 GNE-987i i
%5 BRD4[AA# , F&{K SEX 38 H3K 2 7ac ) & /K,
I T SERI M BUE LR Kk . X — T U 0
1) 7 e A0 P T R T AR R T, UERE TR
W E AN PR SEBIR B B0 7 SRR 7 5 THI R 2. itk
Ah, 55— T 2] Fl BRD4#E ] PROTACH 4251 SE
FH A 73 B8 5 S5 Bt SR A HH BRDATI AR IR B2, X — K
M7, PROTACAY BE FF RSB R 1, IO W] Rgid
TR IR SEAH % 2 S5 1k 5 Ak 1) 45 KA SR Bl 5 T 4% L 1)
RE, M iE— 20 I 55 SERR BN % i M . VAT &,
PROTACH 3 (15 [r] P i SR B BE %45 20N W SEAH G
kR R ILThRE R A, I RGUEHI S5 SELRS)
(R0 5 T G5, (™ S T % SIS AE R R RS HE TR
ST E B . SR, H R SR B L i il A
Jod o R S FH BIE FEATI AR O G BR , (H LB 7] SEAZ DA% 53
V2 X 48 R R PR B L BT W TR IR A ANE

gx b, BE ) SER T T 5w mTd i/ 43 4 ]
A FWE AL VR . JE DR Y B G €8 5 % 1) 485 ) R
55 2 M7 PR 1) 7 W e e i . R
SR I BEAE T iR U, H O IR R 2R
R WS A s 250 Jok vy P A 25 v T o il o /57 44 AT LA
/D 99 B, i HE AR R A . (B13)

5 REERE

I 25 2 0 358 45 2 R = 2 B R 2L 20 9 P B R
FEE , SEAE 3R 20140 M 57 et S P e 1 SR 4 42
T, FUAE I B RS BN R A R P () S A R
W . KRB SCE Y, SEMEIL R A B P
11 B I S e, SRR SR T3 . 4
TR B B e B 2 IR G5 R Y, ) EE R B 4138 -SE
Y5 T2 I R 22 34 O 1 B 5 5, #E PASMCs.
PAECs b J% j 2T 26 40 A1 60,728 40 25 52 o 485 K 5
L L, e 0 L S S A2 D 4 T 2
A5 454 5 DO RE BN AP  ZE T BRI, el
JAE RN B A R T S B SEE WL E Y, IR
B BN B IR K ARG RNA T3 604, 30011 V42
WL T AR I % A ) T i AR o M AR, B
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PROTAC (proteolysis-targeting chimera) .
Linkase Gene-editing technology
Target (—" N\ E3 ligase "
ligand \C ) ligmd CRISPR/Cas9 CRISPRl‘
ot = ‘
Linker 4 g

@ '@
HDAC inhibitors, e

e€.g. panobinostat,
romidepsin

e _—

CBP/p300 inhibitors,
e.g., A-485

L

CDKZ7 inhibitors,
e.g., THZ1

@ e a

‘ &G
l- BET family-targeted

inhibitors
e.g.,JQ1, OTX015

(Y \\‘

UGS | AA

CDKO inhibitors,
e.g., CDKI-73

ISR« /NG 2 R UAER e e e € o (F) S A S 22 A 2 T T TSRS 2, AT 0 EL R 3l ) S 2 R e e

SE activity can be modulated at multiple levels, including transcriptional regulation, small-molecule inhibition, genetic/epigenetic editing, and

chromatin spatial organization, thereby suppressing SE-driven aberrant gene transcription.
[El3 #ESERETEIATT R
Fig.3 Potential therapeutic strategies targeting SE

SR IR A AR A B PHEE 00 (13 &

5 A, B0 SEURBN L SRR e T TR B
IEEARW R . WGBS M BEE, /N T3l 7 an
BET#l 7. CDKAH55 &2 CBP/p3004 il 771 fE 1 i
I SEMH G 5 2 A AR B iR BB AE (B, A
RACAI SEAR A 1 B3 S DR R o R g 0 N 0 00 ik
BRI 24 4 BB R (W1 CRISPR/Cas9ACRISPRI) Uy B 432
WS SEVEMESRAE TR E T . BbAh, T = 4Egeta
JoT 235 ey ) T I DA B e 53 R 1 B 1) PR A R (i
PROTAC)%5 1%, 4R M) SEAH G TR 8 24t T
Ha T % . X EUCRIE I, 115 A
I 2 T V425 SET RE RN AT RE, T i IfL A s AR
BrRSHEIR YT T BB E 1 AR

R MR CHUS E R, {2 SELE M ML
FRAS TR RN AR AE 1 2 A il D) I .
o, ANEIGH R 2 6] SERTE /Y 2% 1 B [|] 5% R AT A
5 RGURNT , B AR AE 2 4 AR RO B R 45 )2
. HX, SEAHRAESIS RNACIIIE 3% T RNA. K
BEAE A RN AFIFRIR RNA)ZE il 1fi 5505 Hh i) B Ak
hRe = T LKL Rt — B0t 5. teAh, infafe

DRAERF 57 1 A 22 2 1 0 AT 52 T SE DL SERE 1A 9 Y
I AR A, s AR KA AR B L [

W& AN . 2 AR SR A o e = R K]
A BORIIA TR R, BHIE D3R RAT 8 S8 ks
Bt 2 AN R AR SR R PP ) SE R % B3, IR A
A A i 0L RS G B R A R R R I B A AR
. RIS, 255 WM 2iEis R G R SRR
B TR) SEARH I e 55 [ 2% (ARG YHE T~ TS 1 2 O PHU
LA fir 0 R T AR BRI SR, DI, i
A R G0 T SEAL MM IS A 48 X D g S AR AL
i, AMCEA EE R AT TR S WA R
PRI F RIS
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