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Abstract: Alternative splicing is the key to human gene expression regulation and plays a decisive role in
enlarging the diversity of functional proteins. Alternative splicing is an important biomarker in tumor progression,
which is closely related to the development of tumors. Tumor cells tend to produce alternative spliceosome that are
conducive to their progression. Therefore, targeting regulation of tumor-specific alternative spliceosomes is a
potential strategy for tumor therapy. Herein, we provide a brief review of the complex relationship between
alternative splicing and tumors. Alternative splicing works by removing non-coding sequences of pre-mRNA and
assembling protein-coding fragments in different combinations, ultimately producing proteins with different or
even opposite functions. Alternative splicing events can promote the transformation of tumor cells through
apoptosis, invasion, metastasis, angiogenesis, and metabolism; they can also influence the effectiveness of cancer
immunotherapy by affecting genes that play a key role in the immune pathway. We proposed that direct or indirect
targeting of alternative splicing factors and oligonucleotide-based therapies are the main strategies to reverse tumor
alternative splicing events. These findings will help us to better understand tumor-related alternative splicing and to

develop new strategies for tumor treatment.

kR FH: 2022-12-21; &[] F #A: 2023-03-21.

B4 T - [ 5CE AR TR (2021 YFE0203100); AR A 2 25 30] S5 36 5 BHE I H (HH2022X1008).
*EATAEF Tel: 15708469925, E-mail: liubo2400@163.com

DOI: 10.16438/7.0513-4870.2022-1400



TEPE s ioRd A T AR B A S AR T - 2099 -

Key words: alternative splicing; pre-mRNA; splicing factor; tumor therapy; targeted therapy
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T W, wmD)T A (SR T BEPHEE — A K
A mRNAM, 7] 25 55§32 (alternative splicing) /& i@
I % Bk pre-mRNA [ JE 4 55 7 41, 0K & A5 4 b5
B A A J7 N, A=A BA AR S 2 A0
RIBEIE A RP . PRth, B— Jk DR ] AR B 5 AT
PLA BCE BEAS [F] 1 B 24 mRNA, 3441 7 mRNA 1) & 7%
P, DL R R DI RE M 2 FEEES . e b wr AR
K& AR AE R AR, X T 90%~95% YN JEEE
) IE 5 3R 3K 2 0 AN BT 2D TS ok B 2% T T A 4R )
BURIAEAS [F] )AL AR B B B V2 AR AE . SR, 7E 5
B M 5 Rk AR R, R RAR R B A BT
i oF B R 17 1S AT RE 51 S mRNA R AR BYEE GRS, g
W AR LR S R AR B A, S BTN L 4H K
43 ) 9 AR F/BY R Ak o AR AH SR A A T i )
8 705 44 Jih 67 £6 7 1) T AR B e AT 2 A R 3L R R 1
AR B A LU IR W A 2 30% . e A, BT R
WL Y25 1 e ) A R i e, 0355 28 i )
T2 AR 28 8 i 7% | A AR ORI T /80T S ™. mr
AR O N FAE Ry TR E L —,
2 FF R B e R TV TR AE SR DRk, R e R
AH O IR BY 45 S M A, JFAE IR 1 55 T ) ) e P AR Y
B85 Ja AL, X K i 458 112 bs S ARG 97
SR AT A CHC B L =

R, A ST 21 1 R AR BT IR BRI 2R 8, 51 2
S )R] AR B R A R i AR R A e v (A DA B B )
s A AR BT SR R . Ak, A SCE TS T H T
He T AT AR B R R AR AR S AE TR ST R VR YT AT R .
1 AIEEERMAEI S HKR

TERRZAE R, Yt 8 1 0 25k DR E B ] 1) e s e
Y pre-mRNA H & H KERI NG T, A2 RE B S K
B 2 B LR A& T, RSN E T E TP, Pre-
mRNA 7E % A I LIS T8 BOR ANAS S 1 v B 40, FR A%
W A1) — RNA (heterogeneous nuclear RNA, hnRNA),
I I H N AL AE A [FR mRNA G [5G, ) AR BY
& B pre-mRNA 45 84 1) — F 4 7 AL, iX — i 2 2
BB 1 G 55 e 41 (A0 2 1) HEF AN IR 1 46 T
A Z P mRNA . R AR BT LI E 5 PR 3% 08 4y v B 2
A, BOYEATRA N 28 7. BRI S, AR K
B MBS A G i 2 Y rh ) FEAH R R R R AR

3T AT DA BAS [ ) mRNA RO 3 =41

Pre-mRNA [f] 8 214 72 B £ 4> RNA 1 RNA 45 &
wEOWMEZ Y. EMEZAFET 2 K/ADE 100~
300 %L /N7 T RNA, FX A% 7 RNA (small
nuclear RNAs, snRNAs). snRNAs 5 % ik Fl £ [ i 41
455 T B BERZ 2 [ (ribonucleoproteins, RNP). —
A~ snRNA 85 Z AN E A A4S A, #54 snRNP, snRNP
4 UL.U2.U4.U5 F1 U6, A& BI 24K (spliceosome) ]
RO By o BY AR BREE R 0 B BT 4% pre-mRNA _E 1)
BN RO BT RS S N MR R A E Ak . Bl
5/ snRNP A1 H At 25 14 57 41 i (B9 22 DR 1 R 5 5 1)
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300 MHREAE A, BRE A K., — B4
snRNAs 151 £ pre-mRNA 25 ¥ 1 [ B 2407 1, XA E
A ) B R 1R AR I Kb RS B A A R IR iRk
W& 7, Ul snRNP 5 5" ity B B2 47 4 (5" splice site,
5'SS) 44, U2 5 3' SSRIBEIE X (py) 45 & . # F oK,
55 US. U4 Rl U6, JFid if snRNP 2 [A] [f) 5 HE T B i
WEMEE A, DL RN & U1 FA 2 o %
(Bl 1)e BYBAL 52 20 A F 35 82 108 75 o4 1 1
5, IR B o R ik 4 53 e 2 A H A B 43 R ke i 3k B
I A0 3T Y A e A8 A AR I AR F oA A
BHIIEE, B NN R T B T A B
BN A LR TR N RN e ol LRSI N
g R AMEH R TR, 8 T8 & L "R AR
(serine/arginine-rich, SR) & [ &, MM i BY 207 i
PN T T B S AR 2R AR Y e AR R
WIREAS Y — KM 1% 52 11 (hnRNPs) A1 BAE H, M1 $11)
BYREAL s RO 3k A0 2 7 B ER

AR 1 SR A 1) 22 S S AR AT DK W] AR B 42
Ky A B T BEER (exon skip)< 5'BY R £ A (alternative
5' splice site). 3' BY 4% fi7 5 (42 (alternative 3' splice
site)« N & F & ¥ (intron retention) 1 4k & F H. &
(mutually exclusive exons)® (B 2). 42 T Bkik, R
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TN NETIORE EEBEEN S FIRAHE
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Figure 1 A general schematic of pre-mRNA splicing by the major spliceosome. Stepwise assembly of spliceosomal complexes on a

pre-mRNA molecule and catalysis of the splicing reaction to generate mature spliced mRNA. The array of spliceosome components

assembles in distinct manners throughout the splicing process; termed complexes E, A, B, C, P, and intron-lariat spliceosome (ILS). BPS:

Branch point sequences; SS: Splice site
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Figure 2 According to the different types of alternative splicing
transcripts, alternative splicing can be divided into: exon skip,
alternative 5' splice site, alternative 3' splice site, intron retention,

and mutually exclusive exons
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B bk B 41 B J% -2 (B-cell lymphoma-2, Bel-2) &
G I Tl S IR R SR AR T Al R
Bel-2 H H 38 I 4% i) 4 A A4 1 i 3 8 > 1 15 4 i £
% C (cytochrome C) B, Bel-2 Kk MHLIH Tk 7
38 1 5 BH3-only £ H 45 & 72 A JEME B 42 T 0
BAX A BAK SR A 41 2 E -, Bel-x /& i Bel-2 £
B A 1 (BCL2L1) 8] 4 i 1) 9 T2 38 747 bR 1, e ot i
AL AR T (1% P AR [ B - B2 A R4 o) e e A B
HAL, M 3§ 40858 TS . Bel-2 pre-mRNA #5 55 $22 ik
Pi A mRNA M2, &A1 9 A5 1 2 50 R A AN () ) A 2R
FRrE . —MONPUE AL, FROA BelxL, 73— oA {2
T2 2, R~ Bel-xS. Bel-2 B 3245 2078 H AL 7 T2 W7 7Y
AT T2 R 2 Ja) P A A £E it L 22 R IR
T ANHT B R e S R R I E R bR O B AR R
(E13A).

22 Z 35 4k & 1 WA (mitogen-activated protein
kinase, MAPK) #H B F H 22 & IR/7r & R ¥ i 2
(MAPK interacting serine/threonine kinase 2, MNK2) #]
DA K 2 R/ 22 = IR F & BT K 1~ 1 (serine/arginine-
rich splicing factor 1, SRSF1) BY % ;= 4= ' W7 7
MNK2a fl MNK2b. MNK2a 1 % 4b & 7 14a, 1fi
MNK2b 6k = §ME T 14a. 417E 45 B iz e 40 i o, Pl
WA 2 (B AFAE AT, BT SRSF1 R 1A Tt &, MNK2b
FFHAL, 17 A MAPK 45 & 481K MNK2a JF 3 3 T
A, AT E 5 40 1) p38a-MAPK {5 5 3 ¢ {1 32 4 fild A K
I a2 20t O T
22 REREMER (RBAER R MWRE BT B4
DR R AR . b K2 —1F) S5 % 4L (epithelial-mesenchymal
transition, EMT) 75 i [ 4% 7 Al 52 R0 72 gl e o
T, IR T iR 2 e 5 TP B T AR ELAE B

A AR BT 5 EMT Hi 8 % 7 16 2 e 1k 2 2l i
X CD44 5 R (KA 58 @2 SRR 1 . CDA4 JE [R] 4 v] 42
BYFE R S 5] SR, K CD44v Al CDA44s. il 3]
W70 R B, CDA44 I 7 e i Xk EMT 1) & A2 5 b AN Tp
ACUH Al B TR T8, 2 BRI CD44v 1) b R 4 g
i B A e 4y CDA44s, DL 3E 40 i i) EMT A0 fi 6 4
ffe A2, 18 CD44 W AR BIH A1 L T, hnRNP M i
i 5 CD44 W & 7 B i 3k 7 45 & ok (2 1 CD44s 17
Az, DT 5 B #2 1) 3G 50

FE iR 4 b, A 22 47 2445 5 I B R AR A A AR K
“F-p (transforming growth factor-5, TGF- ) ¥ 1
SMAD3 5 £ % C 4548 M 1 [poly (rC)-binding protein
1, PCBP1] A#H B.AE H, IF 3L | 98 5 VF 2 v A2 B 2 =14,
M A T EMT 40 i B 42 26 HE RO &G B I 3845 5% =
I 6 75 (0 H W B [ RGP H LR, Bk

TGF-f ¥ 1% ¥ 8§ 1 (transforming growth factor-beta-
activated kinase 1, TAK1) [} A]2E4M i1 12 (TAK14E12)
FL A 2H 3B 4 9 SR TGF-4 15 5 1 EMT FIZ R 1
kappa B (nuclear factor-kappa B, NF-xB) 15 5, 1M & K
TAKIFL N {2 # TGF- g i 5 i) 40 M 8 207, B
TAK 1 g £ 1d vT A2 89 42, A3 3 TGF- 7 A 4i i A7
5 FH 2 A T ) PR AR AR S AR (1 3B)

% KW g X 45 &4 % A 1 (polypyrimidine tract-
binding protein 1, PTBP1) {i& 2k 44 4 157 it 75 410 ffd (1) 3E
o R B MG B, DL S AR Ptk T 45 e A% R i AR K
PTBP 1 J8 i 7 A8 5y 4 ALl 175 5 155 Fk g ok £ 85 1) 2 7%
WaEE ., AW FIRIE, PTBP1JE i I iH Meis homeobox
2-L (MEIS2-L) 28 S R (i it 5 4%, Fad b i 15 n] AR B 42
T 00 7R R R 5 M2 (pyruvate kinase M 2, PKM2) ik
K5 FIGEY
23 FEMEER MEAKFELEFRMAEAS
T AAEERE 77, DL LCHE B AR YA — Sk ) e
77, T L A R A P AR ) TR A DG BT L R i 2
TR TSR, 7 R 3t e o AR R A AR R B
T, VT2 8 0 78 2 B A B0 7R, B I N R AR K
¥ (vascular endothelial-derived growth factor, VEGF).
AT 4 41 i A= K 5] 7+ (fibroblast growth factor, FGF).
I8 AR R ER SO TR A AR ) AR K R %
R A A DRl A, VEGF-A A& 35 2 A0 I 87 A il 4
MR o AME 8 U g A G B 3V Y A A 22 Al
F 277 A B AN [A) C AR S 45 84 380 B AT AH SRR P 7R IE
T 43 2R I 2E i (VEGF-A xxx a) T ML A ik
(VEGF-A xxx b)*™. 7Z & ¢ 5 ¥ IK i 39 (ubiquitin
specific peptidase 39, USP39) 7F ¥ £ Bl & 78 (e )&
T, USP39 H] fg il i 4 ] VEGF-A165b 1] A% 5]
P AN 5 SRSF1 Al 22 2 BR RS 2 R 82 1 I 1 (serine/
arginine protein kinase 1, SRPK 1) 3% 5 41 f e 1 %
PEAE s R, T AE D AR i e DR R 4 AR ST
SRPK1 4> 7 ) SRSF1 i i 3 B2 A6 5 Bt & 2E &
VEGF-A165b [ {i¢ Il % 4= il VEGF-A165a 1. B #% 4%
(E30).

KB I PR T A I PR UE 9 2% B, 4% %€ VEGF-A W2
MFRIERE T B WML M RN T, X545 B
BE MR MM RS AR, BEZKINARA
SRAE A, B BB A 1 D7 R T AR LR MR VEGF-A
() AN B2 FHAG M AT, (H B4 ) B 2, s B 22 Ak e ¢
A0 8 1t v BY 42 A7 AR AP 1 8 T BY 4R A A, IX
KA BRI MBS A SR EFRMEN. BT
VEGF £ 45 B W J A7 45 B if & A= B AL 142 if
Az BRI TR 1) e, DR A 4 3 5 4% VEGF H i I
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Figure 3 Alternative splicing events can affect the effectiveness of cancer therapy by promoting the transition from normal cells to tumor
cells through apoptosis, invasion and metastasis, angiogenesis, metabolism, and avoiding immune destruction. A: Alternative splicing event
of Bcl-2. Bel-2 pre-mRNA is spliced into two mRNA isoforms, an anti-apoptotic subtype called Bcl-xL and a pro-apoptotic subtype called
Bcl-xS. In tumors, anti-apoptotic members of the Bcl-2 family inhibit cell death by binding to BH3-only proteins and activating BAX and
BAK in endogenous pathways; B: Alternative splicing event of TAK1. TAK1 pre-mRNA can be spliced into TAK14E12 and the full-length
isoform TAKI1FL. TAKI4E12 is constitutively active and supports TGF-f-induced EMT and NF-«xB signaling, whereas the full-length
isoform TAK1FL promotes TGF-/-induced apoptosis; C: Alternative splicing event of VEGF-A 165. USP39 acts as a tumor promoter by
activating malignant biological processes by inhibiting VEGF-A 165b alternative splicing and regulating SRSF1 and SRPK1. SRPK1
mediated hyperphosphorylation of SRSF1 leads to a shift from anti-angiogenesis VEGF-A165b to pro-angiogenesis VEGF-A165a isoform;
D: Pyruvate kinase muscle isozyme PKM produces PKM1 and PKM2 splice isoforms. PKMI is expressed in most normal cells and
promotes oxidative phosphorylation, while PKM2 is up-regulated in tumor cells and promotes aerobic glycolysis. Fructose metabolism
begins when it is phosphorylated by KHK, which exists as two alternative splicing isoforms KHK-A and KHK-C. KHK-C is tissue specific
and mainly expressed in the liver, intestine and kidney, while the KHK-A isoform is associated with the development of cancer; E:
Alternative splicing event of MyD88. MyD88s isoform is a mechanism for blocking TLR signaling. MyD88 can produce a positive regulator
of TLR signaling. However, the MyD88 gene also encodes MyD88s that bind TLR and IRAK1 but not IRAK4 kinase, thereby inhibiting
IRAKI1 phosphorylation and NF-«B signaling
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AR 2R g A, FRONIE W% A K BT 52 1
(VEGFR), VEGFRs 4} 4 3 #1 25 14 : VEGFR1.VEGFR2
A VEGFR3, H: 1 VEGFR1 Al VEGFR2 . A A 1LL 1) 45
¥, VEGF-A .2 5 i 55 VEGFR1 1 VEGFR2 45 &
DL 3 1 2B B, 1 VEGF-C/D W %Y 5 VEGFR3 45 &
AR 2 ik B AR A DA itk R R0, R 5 VEGFR2
K Lt, VEGFRI1 %t VEGF-A [ 45 & B A5 5 i 1 55 Al
77, SR 1M VEGFR1 SO vE PR, B A 7 — Fob
B Z ALY, 324 M1k, B 78 K L VEGFR1 A 4 Fh Al
A5 BT 3 7 A, 43 5] /& sSVEGFR1-i13. sVEGFR1-i14.
SsVEGFR1-e15a 1 sVEGFR 1-¢15b1™%, {F ix 46 51 43 45
&, sSVEGFRI-113 Y8 TN & ¥ 13 R B AR T 2 IR
TR L), #EThRE b, sVEGFR1-i13 3= Z 4l 41 Ry — Fif
RER VEGF-A #5071, X F A K 7 1 2
SEAE . R, sVEGFR1-113 A 2 372k & 4=
AT 7], AT A8 /N SRS Y o T B R A K R BB
o I TE il 58 Jes 200 PR HH 2R AT 1 — U 5T R B, VEGF-A
{3k SOX2 3R IA, SOX2 H %5 SRSF2 R 8 T 45 &
I 3 ¥ 5% . SRSF2 BY 4% A 1€ ik VEGFR1 BY 4 F
SVEGFR1-i13 7. #1621,
24 RFMBRIFERE MEMKEMKREILT
S firk R 20 P AU B A R 4 B % R A i
B E FEBUREAT R R, DU 5 A ) Re & AR
W B SR, I I8 PR AT 49 E RN A7 BT S AL
ﬁ;};ﬁ[ﬂ]o

TE i 98 48 B B, Warburg RN #4 1UE BH 52 B AT AR B
B2 AN, P R BR W (pyruvate kinase, PK) J2 i 1k
P 1) PR G B, 30 3 R 3 1 e A 45 ADP AR K
A T P R ATPP . e A, R 4R 5 1 AT AR B B 4 2
i 98 R A= RN R F ) B L DR RN TN B R K IR LB
(pyruvate kinase muscle isozyme, PKM) 43 A4 H H. /&
B4 -9 FTAM R T 10 7242 PKM 1 Al PKM2 85 #2573 44
o PKMI 7E K 2 3 1E 5 41 i o 2 08 I 2 i3 S AL B 1R
Ak, T PKM2 7E [ 83 40 g b 2 08 1 02 1A 200 9
fAtes2 B SR B, A PKMIL 54X 983 41 At R ) PKIM2
AT DL 25 D LR 1R 7= A R e 1 K0, 3 3R 0 i R
2 g 1 PKM 1 B PKM2 [ A7 75 1T LA B HZ 52 1 Ji g 14X
RO, R PKM 3 [H ) %58 (3] PKM2
RIE, e PKMI F 7746 s im it e A R
X o WFFLFR B, PKM [ 0] A8 8 452 2 89 452 0 4% [
hnRNPA1.hnRNPA2.SRSF3 % k5 (K] . iX % B 5 32
K¥25 7 w28 5y 878 g AR 1 7 Y (B13D).

B T A G TR, B DR I A S TR i AR 2 e 8 4
PRI 5 — A EE BRI A R R A R B
PRI, AR SR B E IR I BIR, FERE A BEH K

VAR R AR ES o — LB R 40 B AR B, —
HYERFm e RAERT S, SAMEAREE 5,
RIS Wt K i o 2 R, A 2 Ik e mg AL, &zt
i Wt LA P i e] AR B B2 1 0 B AE AR A ' K g C
(glutaminase C, GAC) Fl'F B4 5 & Bt I B (kidney-type
glutaminase, KGA). 1E# 2 i Ji R « &5 B 11 9 A0 IR
DLK FLIR I 4R i &, 5 1R 2R AH B, GAC WY
PR, HLd I N 3 ) R0 S M ) GAC Y W)
0 81) ey 100

3t TR VT A 3-8 TR et e 7 e B 4 1N oz SR
AU, BT e 40 5 R B I A ik = PR $R R A o 2
fitho Wb AL, FOBEACUS I r (8] = 9 o] 3k N AR A 1 B R
JRBE IR AL, R A G A iR SR AL S-RE IR AZ N, I
4= K & NAPDH. 205 AU 4h T 3 4 B O 0% B0 i
(ketohexokinase, KHK) % B2 {t,, 1§ LA Fol v] A8 BY 43
AR AF 4 (KHK-C f1 KHK-A). KHK-C fl KHK-A /&
gy s V) R A QT A B 3A M 3C 2 AR .
i, KHK-C A H AR ik, F LA G AE bR
i T KHK-A 2 55 i 08 45 9 0 1Y) R Je A ke
(K 3D),
25 MSlRBERE fyTiEIEE RN LAk
B I R R A AR T Tk . AR FEER WL, bR
HH R AT AR BY 2 R L R M A G 2 i R G EEAE A
(R R, N T 2 el Je g g2 Y T IR RUCPEN S Lt
S8 AN [F) BY B2 e A A FE 5 5 IR vh B /E FH DA R B IR 1
FR) R R T, S0 348 7 T 9o 08 3 4 928 12 2 () L o) A fieh
I8 1) S 2 LA B B S IR A O [ 2 R A e
Je (1) 2 e 3T LA A R T 5 S e 0 AN A% % v R 4
HEAEH . BERYHMAE MR b ) v BRI S LR
i R BN R TS AH 2T

Fe R G5 5T AR — AR T 2
MyD88. i # ] MyD88 mRNA 1 = £ toll ¥ 5% {4
(toll-like receptors, TLR) 15 & ¥ 1E I 15 K T~ . 2R 11,
MyD88 Jit [K] i&s g i 73 — P 4 &5 ) mRNA (MyD88s),
H kit T 135-bp M1 2, ‘& W LL4E A TLR Al EH 41
A A 2 %2 4Rk A 52 BB 1 (IL-1R-associated kinase 1,
IRAK), [HANRESE A IRAKA L, i S 8 IRAK
I% 1k A1 NF- B ¥0i& AH O¢ 19 2 P 67 4 ] (dominant-
negative inhibition). K1k, X Fh 4 /E FH T 1 7= A= m]
AE2 210 TLR A5 S48 S 0@ A ALHI . MyD88s [ 7% 4=
n] /@ JI§ £ ## (lipopolysaccharide, LPS) % 5, & M
MyD388s [ 7™ 4= A g A 3 2% 1k 58 i /Y 9 B 1 5 1t [l
B (] 3E).

R TRLR A L ) s 388 75 3 3 A e 38 ISV 1 S
IR, B SOIR 4 B BT 42K 1 PTBP1 R 2% mT LLIE it
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VAT PKM W] A% BY 42 55 14 i Bt IR 994 77, PKM2 1) [
AIGT BON YR T A 9 B 7oA 1R T NS i ) S 928 N
Z7, CD19 /& 045 B 20 Mo 5 40 Sk bk B 40 B 1 ot
TE N 1) B 20 i 223k 1) Wb S, FFA8 Rl T i & i s
ZARAE M T 41l (chimeric antigen receptor-modified T,
CAR-T) [ B S VA HE AR o SR, 33652 3X Ty 7 5 1)
BHEA KL 10%~20% 2Kk, X540 g 1 7 CD19
FALFE A K. SRSF3 Fi% T CD19 4h &+ 2 )ik
SR 7= AR AR IR A T Y, S O R e ik &k CAR-T 4]
L R A
3 ME AR EATT

98 A S A T A B AR S ) A B e R S B A R
(Y6 T HE 5 o ERORER 2 IRIEH e B, — S i 4 mT AR BY
P B4 ST DU R R ] AR B R AR
SRR o R o R AR T R R A R o L e A B
DR~ BB e A, BB e iR vh n] AR BT Rt mT B
T Ik T A RORS YA b BT 0T e e 20 A PN ) SR BT S
PRREAT VR . DALt B ) BT AR 0 T A DA S B T R
TR (197 V%2 H A0 % i g W] A8 B R ) 2 0K
W o X UL T bR o S 1t P AR BT R ) VR T RS N
R IR ST S AR A TT R A (B 4).

3.1 HEZUHERENNDTHEY WA ZH

Splicing factor kinases
L, SM08502
Cpd-1,Cpd-2,Cpd-3

SPHINX
ZINC02154892

Splicing factors
FR901464 4bHWE
Pladienolide B — @ Indacaterol
H3B-8800

Pre-mRNA

2D
&%
3 &

Cell death

ASOs

Figure 4
molecule inhibitors (SPHINX, ZINC02154892, SM08502, Cpd-1,
Cpd-2, and Cpd-3) can block the activity of splicing factor kinases
(CLKs and SRPKs), thereby reversing aberrant mRNA splicing.
Small-molecule inhibitors of splicing factors (FR901464, pladienolide
B, H3B-8800, 4bHWE, indacaterol) can reverse abnormal splicing

Targeted therapies for alternative splicing. Small

by blocking spliceosomal assembly or directly targeting splicing
factors. ASO can affect mRNA maturation by entering the nucleus
and acting on the precursor mRNA, inhibiting the formation of the

5" end cap or blocking the polyadenylation of the 3’ end

5 AN /NK #E B B 1 (small nuclear ribonucleoproteins,
snRNP) Al 11 57 M pre-mRNA 25 & N & T 1) HAh &
RN Z A0 B A0 . BBk & nl AR BT 32 (1 A% O
Jet, o pre-mRNA A LLBY 82 T il A A (0 2% 1 57
A, U2 snRNP 5 pre-mRNA ] 4) 32 e a1 454, h %
ANBYEZ R 741 %, L4 B HZ 5 T 3B (splicing factor 3B,
SF3B) ™. B /N3 TR 1 7 E VF 22 J i o R B
A PR i, 7E MY C £ ] (myelocytomatosis
oncogene, MYC) IX 5 1) = B P FL IR g o, BY 422 44 |
J7VE S B R PHER mRNA R4 ) 2 R,
W 2 R XUBE 45 #4) . XUEE RNA (double-stranded
RNA, dsRNA) 454 8 H iR A 2 R PE dsRNA, 5] &
PURERE S RAMEME R T . 76 528 B8 77 55 1 7L IR T 45
B B B2 R B ) 9 5 UM R A i P AR B E S
TN UEE R S AE T S MR A B AR T A e Y
PR TCAE /N o7, L BE IR 3 BE BT 24K 55 pre-mRNA
gh4, BT ETEYE, AN SE i B 8E . 4k, iz 1B
FEAO ) AT DA A 0 g R Y B R Y DR SR S
I, 1 CDC FE3# 1 (CDC-like kinase, CLKs) B¢ SRPKs
BN T Sema BB R 2 R i2 R AR Ak
B R AL B (Uit e 2K 259 th 665 R BT B 1)
AR

W FL R B, B 5 LI B 4298 15 75 FRO01464 52 —
Tl 280 00 B 2 A 1) ), B ) BT H2 44 ¥ SF3BI, $ 3L
B 0k AE AR A . 7F HeLa 20 g 1, FRO01464 411
pre-mRNA BY £, /E F T SF3B (1 2= 20 # i ¥k B (half
maximal inhibitory concentration, IC,;) 4 0.05 pmol- L',
FRO01464 X 2 Fl N 296 40 M R LA A 20 P e 1
H, 5L R MCF7. il iR 9@ A549. 45 7 %% HCT116.
SW480 K /N il (4 IfiL 55 P388 41 Jiil &, H 1C, 8 7 Bl A
1.8.1.3.0.61.1.0 1 3.3 nmol-L'"", Pladienolide B /&
— B K IR R, XF 2 Bhal i R H A P g s Y
Pladienolide B X HATAE W R 8 B H: 45 & SF3B JF 1|
Jiek 988 41 it A B $2 i A2, Pladienolide B 7E #11] B
e 24 2R PR 4 A K O T R A AR TE 6 B B e 4
Jfs % pladienolide B [1-¥- 4 I1C,, 79 1.6 + 1.2 nmol-L",
IE B 0T 15 e A 11 5 R P R vE 4. H3B-8800 J2
55— AR SR 1) SF3BT [ BY 432 1 15 71, LA B AR v
75 AN 7 H BT AR F AR MAP3KT IR IA, FHE s &
HU2 A FEAF BY 2 A 1) b 2 R0 I 2R 48 0% 1k R, R
FIAR 2 3% 4 mg-kg™ 7] Jk 22 SF3B1°7° S Fh A% A8 /N KR
PR 1 A K,
3.2 HEFEHEETFHNASFHEY SREAME
NS ER RN FEEARZ —, FEKFESREA
A G T S 1R R L AE 7 41 B 38 R K e A, SR S
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i A0 AR B 15 AR AH ELE B, AT 5 3 5 i ] AR BY
B S5 B, 4bHWE & —FI M Physalis peruviana
B SR E Y, A APUE 24 s,
‘B I /> 8 4% B SRSF1 B R Ak, [\ IS b
H3K36me3 [{]7KF, I 48 Ge 0 5t 6t 58, fik 7w H vt ml A8
BRI 7RSS H e, SRSF6 &% L, A
5WEARMK. FIEM—I0 708 2 7 SRSF6 1f
5 1 ) AR B 4% 80 bk, SRSF6 I it B 45 45 & HAE AN B 1
23 Y HEE SR AT ZO-1 S BY 452 DL 4% g B R 1) AR
F . BAh, B 5508 %& B indacaterol i@ 1 # [7] SRSF6 H
A BRI rIPis: Bl e RS,

SRPK 1 & — iR 1k SR F ik &5 (1 193 . SRPK1
75 SPHINX A it VEGFA165 [f1] VEGFA165b {151
PG A, CLAN AR N o A= KB, Akl , L&Y
ZINC02154892 & 5 3 24 (1) SRPK 1 #i il 71« A 4h 431
O i A= 2210 72 36 B, ZINC02154892 # [ 11177 2 ity
ZHH ASF/SF2 filf T A0 R0 20 AT 3 1R A 280RA R 41 1
7o ZINC02154892 J& ik ¥ ] ATP &5 &4 55, [AJ I 1461
SRPK1 %I ASF/SF2 [ 55 ££1%7, SM08502 J& — Ff H T
SAAIRE B 9 BT A /N g, WS A e I CLK VE M
K98 /> Wt 3@ B {5 5 R 5 R R0k . SM08502 411 il
SRSF i B8 Ak -5 PR BT B2 R 3 P, 3X 5 4061 Wnt 388 4 A
FIER AR AR RIEA k. SM08502 34 Al i75 5 Wnt il
$H% 5 TR B B AR A (14 77 £, 2% W JE 00 o) 2 R R 9 1 AL 1
ALFE X TS BY BRI A . TR AR A /N R B R,
Jik SM08502 . 25 1| 15 i 3 Ji 83 (1) A K 5F: P AIK SRSF
ik T2 Ak, 7K SF- R Wnt I 2 J56 R 080 Hofh CLK /M4y
T4 57 W1 Cpd-1. Cpd-2 Fl Cpd-3 AJ I 25 # 1) BY 32
- SRSF1.SRSF4 fll SRSF6 [ fif iz 1k, M 1 20 25 S6K
pre-mRNA [ 8 #2450 5, ok /D> 41 P 38 B 412 13 41 a4
1‘:[87] ( %% 1)[76,77,79,80,82-87]0
33 ETEXERNITE WA, BTFEZERNIT
V2 AR 2 ) HAG R e P 1 B A Rl e o B 3R e
M RN . [ X 5% 7R (antisense oligonucleotide,
ASO) & KR IT 1.8, 1l 1T Watson-Crick 55, 22 FC %
AR RNASE T 5 R E/E . ASO HE [ RNA 1)
N O AR, LG RNA BEff RNA BY 382 208 B 3
4] RNA 25 K945 15 71 RNA-& 50 AH T 76 il R
S8 BB R T ASOs S 4 i AL 22 1B i Y RNA 43
T, B 15~30 M FFBR 4L Ak, ] LA EE 5 1) 455 7 F) BY %
F, DA 1h 7 A A sl IR AR I B 5, B AR R E
BB R AR ASO A 51 iR AH O BY 42 7 4 Ak
A& i AT LAE AR N AR S B . A HIF 70 [ BA 07 e HY — b
ASOs, At 1£ % Jii BF 41 i J8 F1 HEK 293 41 it - 5 PKM
BB I\ PKM2 §] 4 31 PKM 1. 3% Flt il A 2 2% B ASOs

() e BAS MR 51 ke, S 35 77 10 1B J5 18 240 it g 48 e DA
AR 7 ROR AT T H AN, % DA G T
K I —Ff ASOs, ASO1-cEt/DNA f¢ % % 5 PKM B 4%
145, FH 20 B s A B PR AR S . X B PKM S A R T
S0 T TR T R R 5 T ) AR, R AR
5 AT T 968 e o % L /0 BRUASE 2R o 400 o) b 08 1 i APV
75— WU 5T 5 0E ASOs 7] PAAG Rkl 175 5 40 & 7 BhER,
A IR A /) 24t B i 988 A OC AU B GLDC %% 3% 4 f¥) ORF,
FH 1l AS549 41 i F & 5 TIC I FE /)N 41 B fii Je Firk 983 K 1
4 i TS32 (R B 75 TE i, 1% 3% B X 2% ASO 1E i i
WITHEATZ0W ). A, — 4 4 oligoAB )
BY 92 1) 4% 1 R (splice switching oligonucleotides,
SSO) T # ¥ it Jy#E [ BRCA1 HI BT #4755 5 51, B Rg
fi% 38 1 ) % BRCA1 55 11 4h 8 7 i Bk K, 7] B gk 2>
BRCAI-FL 1 BRCAI-411Q K & i% >k i 4% BRCAI
pre-mRNA [1) 874,

34 BEATHENENRSF BT/ THE
VIR ERZT R, A — A Ky TR S AR H 0
PEAEEAR A, TR T AR B e i 2 . AR,
K 5 9F %% 73 RNA (long non-coding RNA, IncRNA)
CRNDE 55 Ilf R £ A% Fl i 35 SR U5 1) 5 A 2 4 (patient-
derived xenograft, PDX) #& Y w I S ¥ 40 7 B0 A
%o CRNDE Jk /b H- il 40 77 it 24 15 8 40 A v 1) 1 W
i & . CRNDE fig B # 5 8] #: 4 11 SRSF6 4 &, %1k
HE O, AT B, AR,
SRSF6 1715 PICALM 41 % - 14 Bk R 8 F2 48 Ak A 2 S
L WA, X A B T PICALM K W 2 (4w 7Y
PICALML) [J3Rik. [Ak, CRNDE N1 K UG b
B, R AT 25 B B e Y AR, R
IR RNA (circular RNA, circRNA) 7E N\ &b & A= ik 72
o KRR R E A . 0 B R 5 A A
Et, circURIL £ 5 % 1) R I8 K7 2 2 1 m, IF B
circURT1 AJ FL. % 5 hnRNPM A 5. /E i, I 45 2 K (1) ]
REIHE, 2 50 M R O B, T A0 S e A R
KA B G5 i B ) I I e R TS R 2, H ORI
BRORIT Tk . AR, —MAE POU 451435
(Pit-Oct-Unc) 1))\ R4k 45 & 5 F (NONO), 7E I it I
AR R N, SR A ROIR A LR 43 A A
JE M. #EThAE b, NONO S 2 301 4 41 52 I e 28 i
TR E L LB . NONOEL 5 & &
i R/ 4 A It MY 1) BT 42 K] 1 (SFPQ) AH LA ISR 1 7
Su(var)3-9/enhancer-of-zeste/trithorax domain and mariner
transposase fusion gene (SETMAR) H 0] A5 B7 %, i &
S S H3K27me3 K _E i 3 155 5 85 R 40 i 10 5% 52
i, A, NONO i it SETMAR I 4% 5 432 41 1] 5 ik
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Table 1 Small molecule compounds that regulate alternative splicing
Compound Structure Target Mechanism IC,, Ref.
FR901464 g . o SF3B1 Targeting SF3BI to exert the IC,, values of 0.05 pmol-L™ for SF3B1  [76,77]
Z " S o
om \\\\\ Q Mo antiproliferative effect
Ao oH
Pladienolide B °y o SF3B1 Targeting SF3BI1 to induce apoptosis The average IC, in 6 gastric cancer cell [79]
- ] ) g lines was 1.6 & 1.2 nmol-L"
oH
H3B-8800 rN_& SF3B1 Inhibiting expression of the aberrant splice - [80]
T variant MAP3K?7
QN
I+ o ‘o>~N\_/N7
o
HO
4bHWE 2y on SRSF1, Reducing phosphorylation of the SRSF1,  The IC,; in Huh-7 cells and human [82]
()7~ O\ o SRSF6, and increasing the levels of H3K36me3 fibroblasts were 8.32 and
* H
B o SRSF3 26.42 umol-L™, respectively
Indacaterol oSN oH " SRSF6 Targeting SRSF6 to inhibit CRC - [83]
AN N progression
. \Q:%_/
SPHINX RF SRPK1 Promoting the splicing switch of - [84]
r Q, O . o
Nw VEGFA165 to VEGFA165b to inhibit
Y tumor growth in vivo
-
ZINC02154892 o L, ° C; SRPK1 Inhibiting ASF/SF2 phosphorylation and ~ The IC, in Jurkat, A549, K562, HeLa  [85]
VOKNLNE&\% cell survival in leukemia cell lines cell lines were 9.51, 29.76, 25.81,
34.53 umol-L™, respectively
SM08502 \'U o NTY CLKs  Reducing SRSF phosphorylation and Wnt IC,, values of 0.002 pmol-L" for CLK2 [86]
N/\ N N pathway gene expression to inhibit tumor ~ and 0.022 pmol-L"' for CLK3
growth
Cpd-1 y O_T“F CLKs  Reducing the phosphorylation of SRSF1, IC, values of 16 nmol-L" for CLK1 [87]
A P SRSF4 and SRSF6 to inhibit cell and 45 nmol-L" for CLK2

proliferation and promote apoptosis

Cpd-2 Q =
=N, /
JSevi el

o N
NJ\/
HO H

Cpd-3

IC,, values of 1.1 nmol-L"' for CLK1
and 2.4 nmol-L" for CLK2

IC,, values of 1.1 nmol-L"' for CLK 1
and 2.1 nmol-L" for CLK2

T bk ER e A%, T RE D v O 5 R A S D e £ (1B A
IR EIANETT S0 o
4 HZRERE

EAER, WA AL AR o M ik b, e o
TSR 22 (1 7T A2 BY 45 (1 e A g R B, X AT B T T
TR (R AR AR SR AL o Je A O A 2 AR I
TS i e i SR AL D 2 8] (K B e A 1 A2 . BRI
TART B SR AT e BT HR RUAR ) R RV 2 A IR
I PRRFE . T AR BT H OBARER T — Ao BT = 5 1
TEAEVR YT HE RUOR IR, F T RNA YT kA8 AT g 2 i
BURER AL B WA T E T R R -

LA, A 53R 3t 28 T R O T AE T
RNA J7 32 3 36 A1 Zh 205 10 3k il o dn mT AT 3

A
[ui]

siRNA JN# 2 %A H1 CD38 5157 [ Bt 44 9 i 5 40 K it
L b R SBT3 P PR R S 1R 30k o XA g R IE
AT A R AR P 40 B BB 3 D 0 e g A K
AL AE A N SIS Ik 28 48 B 1D /) B PR A2 35 B 1R0©7, AN T
R IR P 8 BRI T R RE T — 2Big At . SR AR
IFa) 5 W T P K BT B2 5 4 ASO i1k F VR T H AR 4l
I v FLAE g T T AL

Jie e it 245 14 L SR IR VR T I R E R e —, X
SRR IT BAR B R . PR BT AN AT DL
SR Je E 24 0 0 55 3R 0K JKCE I T B, I RE A 3t IR
YK AT 2597 AT 24 P, TR e T ik 4R AT AR
5 b R i 24 R FH, 3 AR e 5 288 e 8 i 245 14D T 7
. 5l AN H KA, STF-080310, — Ff 3#1 7 IRE1a/
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XBP1 il 71, AT LE i 45 7 P A A XBP1 ) BY 45 71 [
fIX XBP1s [ 235 /K T, A i 25 MCF7 Ji 20 0] Ath 5
SREBURE S BT R Y TR A0 BY B 2K A (SSA) BUH R
I % V%5 % B (MAMB), 7] LL#E [f] SF3B1 LA 41 ]
BRAF ¥ BY 2, AT A it 245 28 £ 35 980 %o Jg % dE J8

SO, KR T U A 2 S OB IR S e 4
E@EPPTBpl F) 1 FD PKM AT AR BY 452 (1) 1 1, AT 6t
ZAWIEE B,

B % U 18] B &E [9] SC & F 41 (CRISPR)
CRISPR M K 55 H (Cas) % 4t Ul Ay 5 R 9 5 BOAR 1
AT, o R B © 78 1 2 9k 0 48 30 B
CRISPR/Cas % 4t 7] LA ¥ i1 B Af I B2 A 1] 5 RNA
(single guide RNA, sgRNA) KA ¥R 55 4 55 45 o 1) 89 2
7 g, 4 FH— % sgRINA 3K 23 B 45 52 19 40 S5 7 B 49 I
oo, B AR A 5 1 () U5 2 20 R 2 I B 4 5k
BRI AR 5| e 1 1. BT CRISPR/Cas I BIHT R
RGO TR R SF3B1 48 S EUR AN i & bl A8 BY
BHEMA R, Kk, F T CRISPR/Cas & 4t [ 3
J%iaﬁﬁ?%EEM@*E%E@H&?@%E%E%E%

R B 22 1IR3 B, AT AR BY R VR 22 9 RE R R
A RUR A TR o TR, ) R AT AR B T
NIRRT SR — T &4, BN TV ASOVAE
YKy 7 FE T CRISPR/Cas g 4B 350 A, DL K I 5 87 42
B eI T k. B ZOURIAS T4 ARG ke, —
lﬁﬁ%ﬂﬁﬁ%E‘J%“?%Eﬁfﬂﬂ%ﬂ?mﬁi&ﬁﬂ*ﬁEﬁllﬁﬁkﬁﬁ
5, HiX
AR B 7 ﬁﬁ%,ﬂiﬁkﬁ@%ﬁﬁ%%%mmﬁm%%ﬁ

5, R ) B0 B ) e T8 P T AR B A A B 42 A
T SXBAT B T-0F 50 S o 1 1 i 5 IR A K
(] AR B4z, I R IR IR T BT R R o

e BTAK: TV G TSR R S T AR 2 R E OO

25 i) AR AR [ 0 1 52 O S AB 2 RO AT e A%
FEEHSE: AEHE A A SOAAFAEAR TR 25 0 5%

R HIT
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