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Abstract:  mRNA splicing constitutes a crucial biological phenomenon characterized by 

the excision of introns from pre-mRNA, followed by the synthesis of mature mRNA 

through the concatenation of the remaining exons. In eukaryotic cells, the process of 

alternative splicing introduces a diverse array of exon combinations, thereby exerting a 

significant influence on the generation of protein diversity. The occurrence of recurrent 

mutations during RNA splicing or within the core components of the spliceosome is 

implicated in the etiology and progression of diverse diseases, prominently including 

cancer. This review article scrutinizes the aberrations in RNA splicing linked to cancer 

and explores therapeutic endeavors directed at addressing mutations in RNA splicing.  
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Introduction 

RNA splicing is a biological post-transcriptional modification 

that happened in the nucleus of most eukaryotic species, where 

the newly synthesized pre-mRNA is processed to form the 

mature mRNA which then leaves to  the cytoplasm of the cell 

and undergoes translation to synthesis a functional protein. 

While most eukaryotic genes are transcribed and processed, the 

newly formed mRNA from prokaryotic genes is completing the 

translation process without any further modifications after 

transcription. 

In1970s, numerous studies described an alternative splicing, 

which is a molecular process where a single gene can be 

encoded to various mRNAs that translated to proteins with 

different structures and functions. In the human genome which 

harboring between 19,000 to 20,000 protein coding genes (1), 

up to 95% undergoes alternative RNA splicing to produce 

diverse protein isoforms (2-4). 

Many studies have reported the association between 

aberrant alternative splicing events with many human diseases 

like cancer (5). In the present review, the process of splicing was 

explained. Next, the mechanism of alternative splicing and the 

dysregulations related to this process was discussed. And finally, 

we summarized the most recent strategies and technologies to 

target RNA splicing mutations especially in cancer. 

Splicing Mechanism 

The process of RNA splicing involves the excision of non-

coding RNA sequences (introns), then joining the remaining 

coding RNA sequences (exons). This process is facilitated by the 

aid of spliceosome and regulated by different small nuclear 

ribonucleoproteins (snRNPs). The spliceosome, is a large 

complex that consists of 5 snRNAs and man other proteins. The 

assembly of U1,U2,U4,U6 and U5 snRNPs compromises the 
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major spliceosome, while the assembly of U11,U12,U5,U6atac 

and U4atac snRNPs compromises the minor spliceosome (6). 

Introns exhibit four crucial sites: the 5' splice site (5'ss), the 3' 

splice site (3'ss) with GU- and AG- short dinucleotide sequences 

respectively, the branch point sequence (BPS), and the 

polypyrimidine tract (7) (Figure 1A). 

Spliceosome assembly initiates with U1 snRNP binding to 

the 5'ss on pre-mRNA, followed by SF1 binding to the BPS near 

the 3'ss. Then U2 auxiliary factors; (U2AF1 and U2AF2) bind to 

the 3'ss and the upstream polypyrimidine tract, establishing an 

early complex (complex E) or prespliceosome (complex A). 

Substitution of SF1 with U2 snRNP, containing SF3B1, leads to 

prespliceosome formation, followed by association with 

preassembled tri-snRNPs U4/U5/U6, forming the pre-activated 

spliceosome (complex B). Conformational changes displace U1 

and U4 snRNPs, forming the catalytically activated spliceosome 

(complex B*). Complex B* undergoes esterification reactions to 

produce catalytically active forms (complex C, C*). The cycle 

concludes with mature mRNA formation through the release of 

remaining splicing proteins, intron lariat, and exon ligation (8-10) 

(Figure 1B). 

Alternatively, alternative splicing occurs when different 

exons are retained or excluded, generating alternative mRNA 

transcripts (11). The decision on exon inclusion or exclusion 

involves regulation by cis-regulatory elements (ESEs, ESSs, 

ISEs, ISSs) and trans-acting factors, including serine/arginine 

(SR) proteins and heterogeneous nuclear ribonucleoproteins 

(hnRNP) family proteins (12-16) (Figure 2). Various RNA-binding 

proteins, such as NOVA (17), MBNL (18), CELF (19), and FOX 

(20), also regulate alternative splicing. Human cells exhibit 

several alternative splicing patterns, including exon skipping, 

alternative first exon, alternative last exon, intron retention, 

mutually exclusive exons, alternative 5' splicing sites, and 

alternative 3' splicing sites (21-23) (Figure 3). 
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Figure (1): Schematic illustration of spliceosome assembly and the process of pre- mRNA splicing. 

Crucially, splice variants originating from AS, possess the 

capability to produce distinct protein isoforms that may either 

lose or acquire specific domains, leading to variations in 

functionality. By using sophisticated technologies like (RNA-seq) 

and advances proteomics, numerous AS transcripts have been 

identified (24). It is of great importance to understand the 

mechanisms regulating splicing in both normal physiological 

body functions and disease conditions, which contributes in 

developing therapeutics to target splicing defects (25).  

Recurrent Mutations Affecting RNA Splicing 

Factors in Cancer 

Numerous investigations have supplied evidence 

establishing a connection between the dysregulation of 

alternative splicing and various diseases, notably cancer (26). 

The emergence and progression of cancer can be ascribed to 

mutations transpiring in vital components of the spliceosome or 

origin binding sequences of cis-acting splicing factors (27-29). 

Over 50% of patients diagnosed with myelodysplastic 

syndromes (MDS) exhibit spliceosome mutations, suggesting 

their potential involvement in disease development (30). Notably, 

mutations in splicing factors SF3B1, SRSF2, ZRSR2, and 

U2AF1 are frequently identified among MDS patients (31-33). 

Unlike SF3B1, SRSF2, and U2AF1, which exhibit 

heterozygous missense mutations in hot-spot parts (Figure 4), 

ZRSR2 mutations are distributed throughout the gene and are 

hypothesized to induce impairment (34). 

Mutations in SF3B1 

SF3B1 splicing factor stands out as the most frequently 

mutated component across malignancies, particularly prevalent 

in cancer sub-types such as myelodysplastic syndrome (MDS), 

chronic lymphocytic leukemia (CLL), uveal melanoma (UVM), 

acute myeloid leukemia (AML), and myeloproliferative neoplasm 

(MPN). Noteworthy is the distinct biomarker value of SF3B1 

mutations for specific cancer forms (35-40). SF3B1, a 

component of the U2 snRNP in pre-spliceosome formation, 

binds to the branch point and recognizes the majority of 3’ss (41). 

Splicing analysis, utilizing RNA sequence data from cancer 

cells harboring SF3B1 mutations, corroborates the finding that 

mutant cells with SF3B1 deviate from the canonical splicing 

pattern, employing an aberrant intron proximal 3’ss (42-45). In 

many tumor types, the poor prognosis is associated with SF3B1 

mutations in hot spots, and consequently it cause global 

disruption of canonical splicing (46).  In one of MDS types, ring 

sideroblasts in refractory anemia (RARS) enriched with SF3B1 
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mutations, exhibits an aberrant iron accumulation in the 

mitochondria forming a characteristic "ring" of blue granules. 

Through structure - activity relationship studies, SF3B1 

mutations identified to provide genetic vulnerability to a 

nongenotoxic molecule called UM4118 which act as copper 

ionophores in many acute myeloid leukemia (AML) patient 

samples. UM4118 initiates a mitochondrial based cell death (47). 

The majority of SF3B1 mutations cluster near Heat Repeat 

domains (from 4 to 7)  (HR4- HR7). Residues K700 and K666 

are most commonly mutated in MDS and CLL, while the 

prevalent allele in uveal melanoma is an allele mutated at 

position R625. The functional implications of these unique 

mutations concerning disease sub-types remain uncertain, 

warranting further research (48, 49). 

A recent study reveals how cancer - associated SF3B1 

mutations affect transcription; by using different cell lines, mouse 

model and patient samples. They discovered that the elongation 

rate of RNA polymerase II has reduced by SF3B1 mutations and 

its density near promoters have lowered. The distribution of pre-

spliceosome assembly that caused by defective protein- protein 

interaction of mutant SF3B1 was the main cause of elongation 

defect (50).  

 

Figure (2): RNA splicing is orchestrated by cis-acting RNA sequences, including Intronic Splicing Enhancers (ISEs), Intronic       Splicing 

Silencers (ISSs), Exonic Splicing Enhancers (ESEs), and Exonic Splicing Silencers (ESSs), which serve as binding sites for    RNA binding 

protein (RBP) splicing factors. Specifically, SR proteins are recruited to ESSs/ESEs, where they predominantly facilitate exon inclusion by 

interacting with U1 snRNP and U2 snRNP, which bind to the 5' splice site and branch site, respectively. Concurrently, Heterogeneous 

Nuclear Ribonucleoproteins (hnRNPs) typically associate with ISSs/ISEs, engaging in competitive interactions with SR proteins and thereby 

exerting repression on splice site selection. 

Mutations in SRSF2 

The impact of hot spot mutations in SRSF2 on splicing and 
disease development has been extensively studied. SRSF2, 
functioning as an auxiliary splicing factor, attenuates Exonic 
Splicing Enhancers (ESEs) to recruit the core spliceosome and 
facilitate splicing (51). SRSF2 is mutated in a minority of patients 
with disomy 3UM, chronic myelomonocytic leukemia (CMML), 
acute myeloid leukemia (AML), and high-risk myeloproliferative 
neoplasms (52). 

SRSF2 typically promotes splicing by binding to exonic 

splicing enhancers (ESEs) abundant in C and G mutations in 

SRSF2 (53). These mutations, concentrating on residue P95, 

alter RNA-binding preference in favor of C-rich CCNG  over G-rich 

ESEs, resulting in abnormal splicing of hundreds of mRNAs 

(54,55). A notable consequence in SRSF3-mutant cells is the 

disruption in the splicing of EZH2 mRNA, that encoding the 

histone methylation regulator, which accomplished by myeloid 

neoplasms’s loss of function mutations. Nonsense-mediated 

decay targets the aberrant EZH2 mRNA which produced by the 

mutant SRSF2, and many mutations in EZH2 and SRSF2 are 

detected exclusively in MDS (56,57). 

Mutations in U2AF1 
U2AF1, along with its counterpart U2AF2, constitutes a 

heterodimeric U2AF complex facilitating the assembly of U2 

snRNP complex to the Branch Point Site (BPS) (58). At the 3’ss, 

U2AF1 is associated with the AG dinucleotide, while U2AF2 is 

bound to the polyperimidine tract. Hotspot mutations in the 

U2AF1 predominantly impact residues Q157 or S34, situated in 

one of the protein’s zinc fingers. These mutations are associated 

with specific cancer lineages, exemplified by U2AF1-S34 

mutations prevalent in lung adenocarcinoma, while U2AF1-

Q157 mutations are absent (59). 

U2AF1-S34 mutations facilitate the molecular inclusion of 

exons with a C-rich 3’ss, whereas the U2AF1-Q157 mutations 

enhance the inclusion of exons with a G-rich 3’ss (60,61). 

Recurring hotspot mutations in PHF5A, a crucial U2 snRNP 

component interacting with SF3B1, have been recently identified 

in 119 patients across 33 types of solid tumors, adding to the list 

of splicing factors with hotspot mutations (62). 

Mutations in ZRSR2 

The somatic mutations of ZRSR2 are expected to disrupt 

the open reading frame and are dispersed throughout the 

coding region, often appearing as frame shift indels, 

nonsense mutations, or splice sites. X-linked ZRSR2 

mutations are observed in many male patient samples of MDS 

and CMML (63). ZRSR2, a vital component of the minor 

spliceosome, facilitates the splicing of minor introns, 

constituting less than 1% of all introns in the human.  

The absence of ZRSR2 results in increasing the retention 

of U12-type-containing  introns, while the splicing of introns in  

U2-type remains essentially unaffected (52, 64, 65).   

Approaches for Addressing Splicing 

Aberrations in many Cancer’s types 
According to an important role of dysregulated alternative 

splicing in the initiation and also the progression of cancer, 

substantial attention has been directed towards devising 

therapeutic strategies specifically targeting aberrant splicing 

in cancer. Diverse therapeutic approaches are presently 

advancing through distinct phases of clinical and pre-clinical 
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development. In this discourse, we discuss extant therapeutic 

methodologies that focus on the spliceosome, RNA binding 

proteins, splicing regulatory proteins, and oligonucleotide-

based interventions. 

Small molecule modulators against splicing in 

cancer 

Numerous natural compounds, sourced from bacterial 

species, have  been identified as binders to the SF3B complex. 

Notably, compounds such as spliceostatin A (66), E7107 

(analogous to pladienolide B) (67), and sudemycins (68), 

impede the interaction between the branch point binding 

region containing U2 snRNP and the BPS, thereby hindering 

the crucial  structural transition in U2 snRNP (69-72). 

Spliceostatin A and meayamicin B have demonstrated 

efficacy in rectifying splicing errors and overcoming 

vemurafenib resistance induced by p61 BRAF V600E through 

inhibition of exon skipping (73). 

 

Figure (3). Various RNA splicing patterns encompass exon skipping, alternative initiation of transcription at the first exon, alternative 

termination of transcription at the last exon, retention of introns, selection between mutually exclusive exons, and utilization of alternative 

5' and 3' splicing sites.
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Other new small molecules that target various phases of 

the splicing pathway have been discovered, such as CDC-like 

kinases (CLKs), the SR protein kinases (SRPKs), and many 

PRMTs (74-76). The  CLK family, collaborating with SRPKs, 

regulates the phosphorylation level of RS dipeptides on SR 

proteins, and alterations in CLK activity and expression have 

been linked to cancer progression. PRMT-5, a type II PRMT, 

symmetrically dimethylates arginine residues in splicing-

regulating factor SmD3 (77-83) and is implicated in tumor 

development. Inhibiting PRMT-5 reduces cellular proliferation 

in cancer cell lines (84), making it a promising target in 

anticancer agent development (85-87). 

Despite the limited effectiveness of sulfonamides as 

anticancer agents in cancer patients (88,89) , particularly in 

the absence of knowledge regarding prevalent SF mutations, 

recent studies have identified sulfonamides like indisulam and 

E7820 as molecular targets of RPM39 (90,91), an RPM crucial 

for splicing regulation. RPM39 depletion leads to global 

splicing alterations, which includes increased exon skipping 

and many intron retention, offering an alternative avenue for 

therapeutically targeting aberrant splicing  in cancer. 

Oligonucleotide-based therapy for alternative 

splicing 

An additional strategy involves the development and 

application of antisense splice- switching oligonucleotides 

(ASOs) that form complementary base pairs with RNA. This 

category of treatments aims to either degrade RNA or 

influence splicing through RNA hybridization. ASOs have been 

employed to modulate the splicing of NDM4, STAT3, and 

KRAS (92-95), effectively inhibiting tumor cell proliferation 

both in vitro and in vivo.  

Alternative splicing directed by CRISPR-Cas9 in 

cancer treatment     

The clustered regularly interspaced short palindromic 

repeats (CRISPR)- CRISPR Cas-9 associated protein is a 

component of ancient bacteria’s adaptive immune system 

(96). To investigate the effect of SF3B1 mutations resulting in 

alternative splicing events in cancer cell lines, a novel 

CRISPR-Cas9 based system was employed (55). While 

further research is needed to fully understand how CRISPR-

Cas9 targets oncogenic alternative splicing events, the 

system’s ease of modification suggest that CRISPR-Cas9 is a 

useful tool for targeting splicing mutations . 

 

 

 

Figure (4): Mutations in the four predominant RNA splicing factors associated with cancer—SF3B1, ZRSR2, SRSF2, and U2AF1—are 

depicted in the figure, highlighting diverse mutation locations. The mutations are identified within specific domains: HD (heat domain), 

RRM (RNA recognition motif), RS domain (arginine/serine domain), ZnF (zinc finger), UHM (U2AF homology motif), sp (splice site), 

and fs (frame shift) 
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Conclusion 

Since the discovery of RNA splicing process and the 

development of RNA sequencing forty years ago, 

considerable effort has been devoted to identifying 

biomarkers associated with cancer and determining how 

dysregulation of RNA splicing can lead to its development. 

Various novel therapeutic agents have been developed to 

address this issue. These include oligonuclotide- based 

therapies and the use of synthetic introns. Additionally, 

functional technologies like CRISPR/Cas have been 

developed that to assist in targeting aberrant RNA splicing. 

 
Ethics approval and consent to participate 

Not applicable 

Consent for publication 

Not applicable 

Availability of data and materials 

The raw data that needed to reproduce these findings might 

be found in the manuscript body and illustrations. 

Author' contribution 

Study conception and design: DR, GA; figures design: DR; 

draft manuscript preparation: DR, GA; reviewing the results: 

DR, GA. The findings of this research were assessed by all 

authors, who approved the final version of the manuscript.   

Funding 

No funding has been received for this work. 

Conflicts of interest   

The authors declare that there is no conflict of interest 

regarding the publication of this article  

Acknowledgments  

The authors would like acknowledge the logistic support 

provided by An-Najah National University (www.najah.edu). 

References 

1] Amaral P, Carbonell-Sala S, De La Vega FM, Faial T, Frankish 
A, Gingeras T, Guigo R, Harrow JL, Hatzigeorgiou     AG, 
Johnson R, Murphy TD. The status of the human gene 
catalogue. Nature. 2023;622(7981):41-7. 

2] Jiang W, Chen L. Alternative splicing: Human disease and quantitative 
analysis from high-throughput sequencing. Computational and 
structural biotechnology journal. 2021;19:183-95. 

3] Pan Q, Shai O, Lee LJ, Frey BJ, Blencowe BJ. Deep surveying of 
alternative splicing complexity in the human          transcriptome by 
high-throughput sequencing. Nat. Genet. 2008; 40: 1413–5. 

4] Zhang Y, Qian J, Gu C, Yang Y. Alternative splicing and cancer: a 
systematic review. Signal transduction and      targeted therapy. 
2021;6(1):78. 

5] Blencowe BJ. Alternative splicing: New insights from global analyses. 
Cell 2006; 126: 37–47.  

6] Jurica MS, Moore MJ. Pre-mRNA splicing: awash in a sea of proteins. 
Molecular cell. 2003;12(1):5-14. 

7] Sheth N, Roca X, Hastings ML, Roeder T, Krainer AR, Sachidanandam 
R. Comprehensive splice-site analysis    using comparative 
genomics. Nucleic acids research. 2006;34(14):3955-67. 

8] Kastner B, Will CL, Stark H, Lührmann R. Structural insights into 
nuclear pre-mRNA splicing in higher eukaryotes. Cold Spring 
Harbor perspectives in biology. 2019;11(11):a032417. 

9] Plaschka C, Newman AJ, Nagai K. Structural basis of nuclear pre-
mRNA splicing: lessons from yeast. Cold Spring Harbor 
perspectives in biology. 2019;11(5):a032391. 

10] Yan C, Wan R, Shi Y. Molecular mechanisms of pre-mRNA splicing 
through structural biology of the spliceosome. Cold Spring Harbor 
perspectives in biology. 2019;11(1):a032409. 

11] Stamm S, Ben-Ari S, Rafalska I, Tang Y, Zhang Z, Toiber D, Thanaraj 
TA, Soreq H. Function of alternative splicing. Gene. 2005;344:1-20. 

12] Graveley BR. Sorting out the complexity of SR protein functions. Rna. 
2000;6(9):1197-211. 

13] Tacke R, Manley JL. Determinants of SR protein specificity. Current 
opinion in cell biology. 1999;11(3):358-         62. 

14] Long JC, Caceres JF. The SR protein family of splicing factors: master 
regulators of gene expression.      Biochemical Journal. 
2009;417(1):15-27. 

15] Wagner RE, Frye M. Noncanonical functions of the serine‐arginine‐
rich splicing factor (SR) family of proteins in development and 
disease. Bioessays. 2021;43(4):2000242. 

16] Dreyfuss G, Kim VN, Kataoka N. Messenger-RNA-binding proteins 
and the messages they carry. Nature reviews Molecular cell 
biology. 2002;3(3):195-205. 

17] Ule J, Stefani G, Mele A, Ruggiu M, Wang X, Taneri B, Gaasterland 
T, Blencowe BJ, Darnell RB. An RNA map predicting Nova-
dependent splicing regulation. Nature. 2006 Nov 
30;444(7119):580-6. 

18] Konieczny P, Stepniak-Konieczna E, Sobczak K. MBNL proteins and 
their target RNAs, interaction and splicing regulation. Nucleic acids 
research. 2014;42(17):10873-87. 

19] Dasgupta T, Ladd AN. The importance of CELF control: molecular and 
biological roles of the CUG‐BP, Elav‐like family of RNA‐binding 
proteins. Wiley Interdisciplinary Reviews: RNA. 2012;3(1):104-21. 

20] Yeo GW, Coufal NG, Liang TY, Peng GE, Fu XD, Gage FH. An RNA 
code for the FOX2 splicing regulator revealed by mapping RNA-
protein interactions in stem cells. Nature structural & molecular 
biology. 2009;16(2):130-7. 

21] Kornblihtt AR. Promoter usage and alternative splicing. Current 
opinion in cell biology. 2005;17(3):262-8. 

22] Sammeth M, Foissac S, Guigó R. A general definition and 
nomenclature for alternative splicing events. PLoS    computational 
biology. 2008;4(8):e1000147. 

23] Ner‐Gaon H, Halachmi R, Savaldi‐Goldstein S, Rubin E, Ophir R, 
Fluhr R. Intron retention is a major phenomenon in alternative 
splicing in Arabidopsis. The Plant Journal. 2004;39(6):877-85. 

24] Manuel JM, Guilloy N, Khatir I, Roucou X, Laurent B. Re-evaluating 
the impact of alternative RNA splicing on proteomic diversity. 
Frontiers in Genetics. 2023;14:1089053. 

25] Flemington EK, Flemington SA, O’Grady TM, Baddoo M, Nguyen T, 
Dong Y, Ungerleider NA. SpliceTools, a suite of downstream RNA 
splicing analysis tools to investigate mechanisms and impact of 
alternative splicing. Nucleic Acids Research. 2023;51(7):e42-.   

26] He C, Zhou F, Zuo Z, Cheng H, Zhou R. A global view of cancer-
specific transcript variants by subtractive transcriptome-wide 
analysis. PloS one. 2009;4(3):e4732. 

27] Jung H, Lee D, Lee J, Park D, Kim YJ, Park WY, Hong D, Park PJ, 
Lee E. Intron retention is a widespread mechanism of tumor-
suppressor inactivation. Nature genetics. 2015;47(11):1242-8. 

28] Kandoth C, McLellan MD, Vandin F, Ye K, Niu B, Lu C, Xie M, Zhang 
Q, McMichael JF, Wyczalkowski MA, Leiserson MD. Mutational 
landscape and significance across 12 major cancer types. Nature. 
2013;502(7471):333-9. 

29] Supek F, Miñana B, Valcárcel J, Gabaldón T, Lehner B. Synonymous 
mutations frequently act as driver mutations in human cancers. 
Cell. 2014;156(6):1324-35. 

30] Boultwood J, Dolatshad H, Varanasi SS, Yip BH, Pellagatti A. The role 
of splicing factor mutations in the pathogenesis of the 
myelodysplastic syndromes. Advances in biological regulation. 
2014;54:153-61. 



 

7 
  An-Najah National University, Nablus, Palestine 

31] Malcovati L, Papaemmanuil E, Bowen DT, Boultwood J, Della Porta 
MG, Pascutto C, Travaglino E, Groves MJ, Godfrey AL, Ambaglio 
I, Gallì A. Clinical significance of SF3B1 mutations in 
myelodysplastic syndromes and 
myelodysplastic/myeloproliferative neoplasms. Blood, The Journal 
of the American Society of Hematology. 2011;118(24):6239-46. 

32] Thol F, Kade S, Schlarmann C, Löffeld P, Morgan M, Krauter J, 
Wlodarski MW, Kölking B, Wichmann M, Görlich K, Göhring G. 
Frequency and prognostic impact of mutations in SRSF2, U2AF1, 
and ZRSR2 in patients with myelodysplastic syndromes. Blood, 
The Journal of the American Society of Hematology. 
2012;119(15):3578-84. 

33] Makishima H, Visconte V, Sakaguchi H, Jankowska AM, Abu Kar S, 
Jerez A, Przychodzen B, Bupathi M, Guinta K, Afable MG, Sekeres 
MA. Mutations in the spliceosome machinery, a novel and 
ubiquitous pathway in leukemogenesis. Blood, The Journal of the 
American Society of Hematology. 2012;119(14):3203-10. 

34] Chen S, Benbarche S, Abdel-Wahab O. Splicing factor mutations in 
hematologic malignancies. Blood, The Journal of the American 
Society of Hematology. 2021;138(8):599-612. 

35] Papaemmanuil E, Cazzola M, Boultwood J, Malcovati L, Vyas P, 
Bowen D, Pellagatti A, Wainscoat JS, Hellstrom-Lindberg E, 
Gambacorti-Passerini C, Godfrey AL. Somatic SF3B1 mutation in 
myelodysplasia with ring sideroblasts. New England Journal of 
Medicine. 2011;365(15):1384-95. 

36] Yoshida K, Sanada M, Shiraishi Y, Nowak D, Nagata Y, Yamamoto R, 
Sato Y, Sato-Otsubo A, Kon A, Nagasaki M, Chalkidis G. Frequent 
pathway mutations of splicing machinery in myelodysplasia. 
Nature. 2011;478(7367):64-9. 

37] Yoshimi A, Abdel-Wahab O. Splicing factor mutations in mds rars and 
Mds/Mpn-Rs-T. International Journal of Hematology. 
2017;105(6):720-31. 

38] Malcovati L, Karimi M, Papaemmanuil E, Ambaglio I, Jädersten M, 
Jansson M, Elena C, Gallì A, Walldin G, Della Porta MG, 
Raaschou-Jensen K. SF3B1 mutation identifies a distinct subset of 
myelodysplastic syndrome with ring sideroblasts. Blood, The 
Journal of the American Society of Hematology. 2015;126(2):233-
41. 

39] Wang L, Lawrence MS, Wan Y, Stojanov P, Sougnez C, Stevenson 
K, Werner L, Sivachenko A, DeLuca DS, Zhang L, Zhang W. SF3B1 
and other novel cancer genes in chronic lymphocytic leukemia. 
New England Journal of Medicine. 2011;365(26):2497-506. 

40] 40.Quesada V, Conde L, Villamor N, Ordóñez GR, Jares P, 
Bassaganyas L, Ramsay AJ, Beà S, Pinyol M, Martínez-Trillos A, 
López-Guerra M. Exome sequencing identifies recurrent mutations 
of the splicing factor SF3B1 gene in chronic lymphocytic leukemia. 
Nature genetics. 2012;44(1):47-52. 

41] Matera AG, Wang Z. A day in the life of the spliceosome. Nature 
reviews Molecular cell biology. 2014;15(2):108-21. 

42] Darman RB, Seiler M, Agrawal AA, Lim KH, Peng S, Aird D, Bailey 
SL, Bhavsar EB, Chan B, Colla S, Corson L. Cancer-associated 
SF3B1 hotspot mutations induce cryptic 3′ splice site selection 
through use of a different branch point. Cell reports. 
2015;13(5):1033-45. 

43] DeBoever C, Ghia EM, Shepard PJ, Rassenti L, Barrett CL, Jepsen 
K, Jamieson CH, Carson D, Kipps TJ, Frazer KA. Transcriptome 
sequencing reveals potential mechanism of cryptic 3’splice site 
selection in SF3B1-mutated cancers. PLoS computational biology. 
2015;11(3):e1004105. 

44] Liu Z, Yoshimi A, Wang J, Cho H, Chun-Wei Lee S, Ki M, Bitner L, 
Chu T, Shah H, Liu B, Mato AR. Mutations in the RNA splicing factor 
SF3B1 promote tumorigenesis through MYC stabilization. Cancer 
Discovery. 2020;10(6):806-21. 

45] Obeng EA, Chappell RJ, Seiler M, Chen MC, Campagna DR, Schmidt 
PJ, Schneider RK, Lord AM, Wang L, Gambe RG, McConkey ME. 
Physiologic expression of Sf3b1K700E causes impaired 
erythropoiesis, aberrant splicing, and sensitivity to therapeutic 
spliceosome modulation. Cancer cell. 2016;30(3):404-17.  

46] Bland P, Saville H, Wai PT, Curnow L, Muirhead G, Nieminuszczy J, 
Ravindran N, John MB, Hedayat S, Barker HE, Wright J. SF3B1 
hotspot mutations confer sensitivity to PARP inhibition by eliciting a 
defective replication stress response. Nature Genetics. 
2023;55(8):1311-23.  

47] Moison C, Gracias D, Schmitt J, Girard S, Spinella JF, Fortier S, Boivin 
I, Mendoza-Sanchez R, Thavonekham B, MacRae T, Mayotte N. 
SF3B1 mutations provide genetic vulnerability to copper 
ionophores in human acute myeloid leukemia. Science Advances. 
2024;10(12):eadl4018. 

48] Cretu C, Schmitzová J, Ponce-Salvatierra A, Dybkov O, De Laurentiis 
EI, Sharma K, Will CL, Urlaub H, Lührmann R, Pena V. Molecular 
architecture of SF3b and structural consequences of its cancer-
related mutations. Molecular cell. 2016;64(2):307-19. 

49] Zhang J, Ali AM, Lieu YK, Liu Z, Gao J, Rabadan R, Raza A, 
Mukherjee S, Manley JL. Disease-causing mutations in SF3B1 alter 
splicing by disrupting interaction with SUGP1. Molecular Cell. 
2019;76(1):82-95. 

50] Boddu PC, Gupta AK, Roy R, Avalos BD, Olazabal-Herrero A, 
Neuenkirchen N, Zimmer JT, Chandhok NS, King D, Nannya Y, 
Ogawa S. Transcription elongation defects link oncogenic SF3B1 
mutations to targetable alterations in chromatin landscape. 
Molecular Cell. 2024. 

51] Daubner GM, Cléry A, Jayne S, Stevenin J, Allain FH. A syn–anti 
conformational difference allows SRSF2 to recognize guanines and 
cytosines equally well. The EMBO journal. 2012;31(1):162-74. 

52] Yoshida K, Sanada M, Shiraishi Y, Nowak D, Nagata Y, Yamamoto R, 
Sato Y, Sato-Otsubo A, Kon A, Nagasaki M, Chalkidis G. Frequent 
pathway mutations of splicing machinery in myelodysplasia. 
Nature. 2011 Oct 6;478(7367):64-9. 

53] Cléry A, Krepl M, Nguyen CK, Moursy A, Jorjani H, Katsantoni M, 
Okoniewski M, Mittal N, Zavolan M, Sponer J, Allain FH. Structure 
of SRSF1 RRM1 bound to RNA reveals an unexpected bimodal 
mode of interaction and explains its involvement in SMN1 exon7 
splicing. Nature Communications. 2021;12(1):428. 

54] Kim E, Ilagan JO, Liang Y, Daubner GM, Lee SC, Ramakrishnan A, Li 
Y, Chung YR, Micol JB, Murphy ME, Cho H. SRSF2 mutations 
contribute to myelodysplasia by mutant-specific effects on exon 
recognition. Cancer cell. 2015;27(5):617-30. 

55] Zhang J, Lieu YK, Ali AM, Penson A, Reggio KS, Rabadan R, Raza 
A, Mukherjee S, Manley JL. Disease-associated mutation in SRSF2 
misregulates splicing by altering RNA-binding affinities. 
Proceedings of the National Academy of Sciences. 
2015;112(34):E4726-34. 

56] Papaemmanuil E, Gerstung M, Malcovati L, Tauro S, Gundem G, Van 
Loo P, Yoon CJ, Ellis P, Wedge DC, Pellagatti A, Shlien A. Clinical 
and biological implications of driver mutations in myelodysplastic 
syndromes. Blood, The Journal of the American Society of 
Hematology. 2013;122(22):3616-27. 

57] 57.Lee SC, North K, Kim E, Jang E, Obeng E, Lu SX, Liu B, Inoue D, 
Yoshimi A, Ki M, Yeo M. Synthetic lethal and convergent biological 
effects of cancer-associated spliceosomal gene mutations. Cancer 
cell. 2018;34(2):225-41. 

58] Wu S, Romfo CM, Nilsen TW, Green MR. Functional recognition of 
the 3′ splice site AG by the splicing factor U2AF35. Nature. 
1999;402(6763):832-5. 

59] Brooks AN, Choi PS, De Waal L, Sharifnia T, Imielinski M, Saksena 
G, Pedamallu CS, Sivachenko A, Rosenberg M, Chmielecki J, 
Lawrence MS. A pan-cancer analysis of transcriptome changes 
associated with somatic mutations in U2AF1 reveals commonly 
altered splicing events. PloS one. 2014;9(1):e87361. 

60] Ilagan JO, Ramakrishnan A, Hayes B, Murphy ME, Zebari AS, Bradley 
P, Bradley RK. U2AF1 mutations alter splice site recognition in 
hematological malignancies. Genome research. 2015;25(1):14-26. 

61] Yip BH, Steeples V, Repapi E, Armstrong RN, Llorian M, Roy S, Shaw 
J, Dolatshad H, Taylor S, Verma A, Bartenstein M. The U2AF1 
S34F mutation induces lineage-specific splicing alterations in 
myelodysplastic syndromes. The Journal of clinical investigation. 
2017 Jun 1;127(6):2206-21. 

62] Seiler M, Peng S, Agrawal AA, Palacino J, Teng T, Zhu P, Smith PG, 
Caesar-Johnson SJ, Demchok JA, Felau I, Kasapi M. Somatic 
mutational landscape of splicing factor genes and their functional 
consequences across 33 cancer types. Cell reports. 
2018;23(1):282-96. 

63] Madan V, Kanojia D, Li J, Okamoto R, Sato-Otsubo A, Kohlmann A, 
Sanada M, Grossmann V, Sundaresan J, Shiraishi Y, Miyano S. 
Aberrant splicing of U12-type introns is the hallmark of ZRSR2 
mutant myelodysplastic syndrome. Nature communications. 2015 
Jan 14;6(1):6042. 



 

8 
  An-Najah National University, Nablus, Palestine 
 

64] Inoue D, Polaski JT, Taylor J, Castel P, Chen S, Kobayashi S, Hogg 
SJ, Hayashi Y, Pineda JM, El Marabti E, Erickson C. Minor intron 
retention drives clonal hematopoietic disorders and diverse cancer 
predisposition. Nature genetics. 2021;53(5):707-18. 

65] Madan V, Kanojia D, Li J, Okamoto R, Sato-Otsubo A, Kohlmann A, 
Sanada M, Grossmann V, Sundaresan J, Shiraishi Y, Miyano S. 
Aberrant splicing of U12-type introns is the hallmark of ZRSR2 
mutant myelodysplastic syndrome. Nature communications. 
2015;6(1):6042. 

66] Kaida D, Motoyoshi H, Tashiro E, Nojima T, Hagiwara M, Ishigami K, 
Watanabe H, Kitahara T, Yoshida T, Nakajima H, Tani T. 
Spliceostatin A targets SF3b and inhibits both splicing and nuclear 
retention of pre-mRNA. Nature chemical biology. 2007;3(9):576-83. 

67] Kotake Y, Sagane K, Owa T, Mimori-Kiyosue Y, Shimizu H, Uesugi 
M, Ishihama Y, Iwata M, Mizui Y. Splicing factor SF3b as a target 
of the antitumor natural product pladienolide. Nature chemical 
biology. 2007;3(9):570-5. 

68] Fan L, Lagisetti C, Edwards CC, Webb TR, Potter PM. Sudemycins, 
novel small molecule analogues of FR901464, induce alternative 
gene splicing. ACS chemical biology. 2011;6(6):582-9. 

69] Bonnal S, Vigevani L, Valcárcel J. The spliceosome as a target of 
novel antitumour drugs. Nature reviews Drug discovery. 
2012;11(11):847-59. 

70] Effenberger KA, Urabe VK, Jurica MS. Modulating splicing with small 
molecular inhibitors of the spliceosome. Wiley Interdisciplinary 
Reviews: RNA. 2017;8(2):e1381. 

71] Folco EG, Coil KE, Reed R. The anti-tumor drug E7107 reveals an 
essential role for SF3b in remodeling U2 snRNP to expose the 
branch point-binding region. Genes & development. 
2011;25(5):440-4. 

72] Lee SC, Dvinge H, Kim E, Cho H, Micol JB, Chung YR, Durham BH, 
Yoshimi A, Kim YJ, Thomas M, Lobry C. Modulation of splicing 
catalysis for therapeutic targeting of leukemia with mutations in 
genes encoding spliceosomal proteins. Nature medicine. 
2016;22(6):672-8. 

73] Salton M, Kasprzak WK, Voss T, Shapiro BA, Poulikakos PI, Misteli 
T. Inhibition of vemurafenib-resistant melanoma by interference 
with pre-mRNA splicing. Nature communications. 2015;6(1):7103. 

74] Cho S, Hoang A, Sinha R, Zhong XY, Fu XD, Krainer AR, Ghosh G. 
Interaction between the RNA binding domains of Ser-Arg splicing 
factor 1 and U1-70K snRNP protein determines early spliceosome 
assembly. Proceedings of the National Academy of Sciences. 
2011;108(20):8233-8. 

75] Tacke R, Chen Y, Manley JL. Sequence-specific RNA binding by an 
SR protein requires RS domain phosphorylation: creation of an 
SRp40-specific splicing enhancer. Proceedings of the National 
Academy of Sciences. 1997;94(4):1148-53. 

76] Xiao SH, Manley JL. Phosphorylation–dephosphorylation differentially 
affects activities of splicing factor ASF/SF2. The EMBO journal. 
1998. 

77] Pal S, Vishwanath SN, Erdjument-Bromage H, Tempst P, Sif S. 
Human SWI/SNF-associated PRMT5 methylates histone H3 
arginine 8 and negatively regulates expression of ST7 and NM23 
tumor suppressor genes. Molecular and cellular biology. 
2004;24(21):9630-45. 

78] Pal S, Baiocchi RA, Byrd JC, Grever MR, Jacob ST, Sif S. Low levels 
of miR‐92b/96 induce PRMT5 translation and H3R8/H4R3 
methylation in mantle cell lymphoma. The EMBO journal. 
2007;26(15):3558-69. 

79] Meister G, Eggert C, Bühler D, Brahms H, Kambach C, Fischer U. 
Methylation of Sm proteins by a complex containing PRMT5 and 
the putative U snRNP assembly factor pICln. Current Biology. 
2001;11(24):1990-4. 

80] Yang Y, Hadjikyriacou A, Xia Z, Gayatri S, Kim D, Zurita-Lopez C, 
Kelly R, Guo A, Li W, Clarke SG, Bedford MT. PRMT9 is a type II 
methyltransferase that methylates the splicing factor SAP145. 
Nature communications. 2015 ;6(1):6428.  

81] Friesen WJ, Paushkin S, Wyce A, Massenet S, Pesiridis GS, Van 
Duyne G, Rappsilber J, Mann M, Dreyfuss G. The methylosome, a 
20S complex containing JBP1 and pICln, produces 
dimethylarginine-modified Sm proteins. Molecular and cellular 
biology. 2001;21(24):8289-300. 

82] Gonsalvez GB, Tian L, Ospina JK, Boisvert FM, Lamond AI, Matera 
AG. Two distinct arginine methyltransferases are required for 
biogenesis of Sm-class ribonucleoproteins. The Journal of cell 
biology. 2007;178(5):733-40. 

83] Chung J, Karkhanis V, Tae S, Yan F, Smith P, Ayers LW, Agostinelli 
C, Pileri S, Denis GV, Baiocchi RA, Sif S. Protein arginine 
methyltransferase 5 (PRMT5) inhibition induces lymphoma cell 
death through reactivation of the retinoblastoma tumor suppressor 
pathway and polycomb repressor complex 2 (PRC2) silencing. 
Journal of Biological Chemistry. 2013;288(49):35534-47. 

84] Iwai K, Yaguchi M, Nishimura K, Yamamoto Y, Tamura T, Nakata D, 
Dairiki R, Kawakita Y, Mizojiri R,  Ito Y, et al. Anti-tumor efficacy of 
a novel CLK inhibitor via targeting RNA splicing and MYC-
dependent vulnerability. EMBO Mol. Med. 2018; 10. 

85] Ibrahim R, Matsubara D, Osman W, Morikawa T, Goto A, Morita S, 
Ishikawa S, Aburatani H, Takai D, Nakajima J, Fukayama M. 
Expression of PRMT5 in lung adenocarcinoma and its significance 
in epithelial-mesenchymal transition. Human pathology. 
2014;45(7):1397-405. 

86] Powers MA, Fay MM, Factor RE, Welm AL, Ullman KS. Protein 
arginine methyltransferase 5 accelerates tumor growth by arginine 
methylation of the tumor suppressor programmed cell death 4. 
Cancer research. 2011;71(16):5579-87. 

87] Yan F, Alinari L, Lustberg ME, Katherine Martin L, Cordero-Nieves 
HM, Banasavadi-Siddegowda Y, Virk S, Barnholtz-Sloan J, Bell 
EH, Wojton J, Jacob NK. Genetic validation of the protein arginine 
methyltransferase PRMT5 as a candidate therapeutic target in 
glioblastoma. Cancer research. 2014;74(6):1752-65. 

88] Haddad RI, Weinstein LJ, Wieczorek TJ, Bhattacharya N, Raftopoulos 
H, Oster MW, Zhang X, Latham Jr VM, Costello R, Faucher J, 
DeRosa C. A phase II clinical and pharmacodynamic study of 
E7070 in patients with metastatic, recurrent, or refractory 
squamous cell carcinoma of the head and neck: modulation of 
retinoblastoma protein phosphorylation by a novel chloroindolyl 
sulfonamide cell cycle inhibitor. Clinical Cancer Research. 
2004;10(14):4680-7. 

89] Rigas JR, Tong WP, Kris MG, Orazem JP, Young CW, Warrell Jr RP. 
Phase I clinical and pharmacological study of chloroquinoxaline 
sulfonamide. Cancer research. 1992;52(23):6619-23. 

90] Han T, Goralski M, Gaskill N, Capota E, Kim J, Ting TC, Xie Y, 
Williams NS, Nijhawan D. Anticancer sulfonamides target splicing 
by inducing RBM39 degradation via recruitment to DCAF15. 
Science. 2017;356(6336):eaal3755. 

91] Uehara T, Minoshima Y, Sagane K, Sugi NH, Mitsuhashi KO, 
Yamamoto N, Kamiyama H, Takahashi K, Kotake Y, Uesugi M, 
Yokoi A. Selective degradation of splicing factor CAPERα by 
anticancer sulfonamides. Nature chemical biology. 2017 
Jun;13(6):675-80. 

92] Dewaele M, Tabaglio T, Willekens K, Bezzi M, Teo SX, Low DH, Koh 
CM, Rambow F, Fiers M, Rogiers A, Radaelli E. Antisense 
oligonucleotide–mediated MDM4 exon 6 skipping impairs tumor 
growth. The Journal of clinical investigation. 2016;126(1):68-84. 

93] Hong D, Kurzrock R, Kim Y, Woessner R, Younes A, Nemunaitis J, 
Fowler N, Zhou T, Schmidt J, Jo M, Lee SJ. AZD9150, a next-
generation antisense oligonucleotide inhibitor of STAT3 with early 
evidence of clinical activity in lymphoma and lung cancer. Science 
translational medicine. 2015;7(314):314ra185-. 

94] Ross SJ, Revenko AS, Hanson LL, Ellston R, Staniszewska A, 
Whalley N, Pandey SK, Revill M, Rooney C, Buckett LK, Klein SK. 
Targeting KRAS-dependent tumors with AZD4785, a high-affinity 
therapeutic antisense oligonucleotide inhibitor of KRAS. Science 
translational medicine. 2017;9(394):eaal5253. 

95] Bauman JA, Li SD, Yang A, Huang L, Kole R. Anti-tumor activity of 
splice-switching oligonucleotides. Nucleic acids research. 
2010;38(22):8348-56. 

96] Li M, Sun J, Shi G. Application of CRISPR screen in mechanistic 
studies of tumor development, tumor drug         resistance, and 
tumor immunotherapy. Frontiers in Cell and Developmental 
Biology. 2023;11. 

 

 


