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Abstract

The spliceosome is a complex of RNA and proteins that function together to identify intron-exon 

junctions in precursor messenger-RNAs, splice out the introns, and join the flanking exons. 

Mutations in any one of the genes encoding the proteins that make up the spliceosome may 

result in diseases known as spliceosomopathies. While the spliceosome is active in all cell 

types, with the majority of the proteins presumably expressed ubiquitously, spliceosomopathies 

tend to be tissue-specific as a result of germ line or somatic mutations, with phenotypes 

affecting primarily the retina in retinitis pigmentosa, hematopoietic lineages in myelodysplastic 

syndromes, or the craniofacial skeleton in mandibulofacial dysostosis. Here we describe the 

major spliceosomopathies, review the proposed mechanisms underlying retinitis pigmentosa and 

myelodysplastic syndromes, and discuss how this knowledge may inform our understanding of 

craniofacial spliceosomopathies.
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1 | INTRODUCTION

The spliceosome is an RNA and protein complex responsible for recognizing noncoding 

introns in precursor messenger-RNA (pre-mRNA) and promoting accurate splicing at the 5′- 
and 3′-splice-sites. The core of the major spliceosome is composed of five small nuclear 

RNAs (snRNAs) known as U1, U2, U4, U5, and U6, each of which is associated with a large 

number of small nuclear ribonucleoproteins (snRNPs), as well as other non-snRNP proteins. 

Each subunit of the major spliceosome contains an snRNA, seven core spliceosomal proteins 

(Sm proteins), and a variable number of subunit-specific proteins.1 A second spliceosome, 

known as the minor spliceosome, coexists in most metazoans. Its activity is dependent on 

the presence of the U12 snRNA rather than the U2 subunit, allowing for the recognition of a 

different set of rare introns.2 This review focuses on the major spliceosome.
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During the process of pre-mRNA splicing, the U1 complex recognizes the 5′ intronic 

splice site, while the U2 complex recognizes the 3′ intronic splice site. The U4/U6. U5 tri­

snRNP is then recruited to the intron, where complex rearrangement accompanies catalytic 

activation. The intron is then cut at both splice sites, while the flanking exons are joined.1 

Substantial remodeling is required throughout the splicing process, as no preformed active 

sites exist in any of the snRNPs. At each one of these steps, different sets of snRNPs are 

recruited, and the combination of RNA, snRNA, snRNP, and non-snRNP protein interactions 

allows for splicing to occur at the proper location.

Mutations in genes encoding components of the spliceosome have been shown to cause 

diseases in humans, referred to as spliceosomopathies. Although the spliceosome is 

required in all cell and tissue types to properly process pre-mRNA, spliceosomopathies 

are typically cell- or tissue-specific, resulting in restricted defects often affecting only 

one cell type or lineage and its derivatives. Interestingly, ribosomopathies which represent 

a group of diseases arising from defects in ribosome biogenesis, another global process 

occurring in all cells, can also result in tissue-specific defects.3 Here we describe the 

major diseases associated with mutations in proteins of the spliceosome, review the 

current understanding of the mechanisms underlying two of these conditions, retinitis 

pigmentosa and myelodysplastic syndromes (MDS), and discuss how this information and 

our understanding of ribosomopathies may direct further studies to dissect the etiology of 

spliceosomopathies affecting the craniofacial complex.

2 | SPLICEOSOMOPATHIES

Spliceosomopathies include conditions affecting tissues as diverse as the retina, 

hematopoietic lineage, craniofacial skeleton, spinal cord, and limbs. In most cases, a single 

tissue or cell type is preferentially affected in these pathologies (Figure 1).

2.1 | Retinitis pigmentosa

Retinitis pigmentosa (RP) is a genetic disorder characterized by gradual deterioration of 

the photoreceptors within the retina, ultimately resulting in blindness. RP as a whole 

encompasses multiple diseases and therefore is considered to be a complex and genetically 

heterogeneous disease. Mutations can be autosomal dominant or recessive, X-linked, or 

digenic, and RP can be nonsyndromic or syndromic.4 RP occurs in about 1:3000 to 1:7000 

people worldwide.5 There is no cure for RP, only mitigation of the symptoms. Current 

treatments range from optical aids to cataract surgery and retinal prosthetics depending on 

the stage of degeneration and severity of the symptoms.

Mutations in more than 50 genes have been linked to RP, among which several encode 

splicing factors.6 They include mutations in pre-mRNA processing factors (PRPFs) and 

SNRNP200,7 which are ubiquitously expressed members of the spliceosome8 (Figure 1; 

Table 1). PRPFs are part of the U4/U6.U5 tri-snRNP, which makes up the precatalytic 

complex and part of the catalytic complex (Figure 2).1 Although the tri-snRNP is assembled 

and functions in all cell types, the pathology of RP is restricted to the retina (see subsequent 

section on Mechanisms Underlying Spliceosomopathies). RP-associated spliceosomopathies 

are almost exclusively due to heterozygous mutations specific to members of the tri-snRNPs 
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associated with U4/U6 complex (Figure 2; Table 1) that disrupt splicing decisions and 

proper processing of pre-mRNAs.

2.2 | Myelodysplastic syndromes

MDS constitute a set of disorders characterized by defective hematopoiesis, resulting 

in deficiencies in one or more hematopoietic lineages (Figure 1; Table 1).30,31 There 

are approximately 55 000 MDS patients in the United States, with incidence increasing 

substantially over the age of 70 years.30 MDS often manifests as bone marrow failure, 

resulting in transfusion-dependent anemia, increased risk of hemorrhage, infections, and 

potential progression to acute myeloid leukemia (AML).32 Treatment for MDS falls into two 

categories: supportive care to correct symptoms such as anemia, increased infection, and low 

hematocrit, and curative treatments including stem cell therapy or chemotherapy to eliminate 

cancerous cells and improve bone marrow function.30

Over half of all patients affected by MDS, MDS-related AML, and blood cancers 

have mutations in splicing factor genes including SF3B1, SRSF2, U2AF1, and ZRSR2 

(Figure 1).9 These mutations converge to disrupt pre-mRNA splicing and increase DNA 

damage resulting in hematopoietic lineage dysfunction.33 Proteins mutated in MDS-related 

spliceosomopathies are primarily associated with U2 complex (Figure 2; Table 1).

2.3 | Craniofacial disorders

In most craniofacial spliceosomopathies, the skeletal elements affected are primarily derived 

from the neural crest, an embryonic cell population that makes major contributions 

to the orofacial complex (Figure 1; Table 1).34 These disorders have very restricted 

pathologies, specifically characterized by mandibular deformations accompanied by other 

face and/or limb defects. Although these conditions are relatively rare, they all fall 

under the umbrella of facial dysostoses, which represent one-third of all live births with 

congenital anomalies.35 Depending on the severity, the management of facial dysostoses 

typically starts at birth and may extent throughout adolescence with multiple reconstructive 

surgeries.35 Mutations in PUF60 are found in Verheij syndrome, a condition characterized 

by coloboma, ventricular septal defects, digit and hip abnormalities, developmental delay, 

and facial dysmorphisms.12,13 EFTUD2 mutations occur in mandibulofacial dysostosis, 

Guion-Almeida type (MFDGA), which presents microcephaly, developmental delay, and 

craniofacial malformations.14 SF3B4 mutations are associated with Nager syndrome (NS), 

in which patients exhibit midface retrusion, micrognathia, absent thumbs, and radial 

hypoplasia.15–17 SNRPB mutations in cerebro-costo-mandibular syndrome are characterized 

by rib defects, intellectual disability, cleft palate, glossoptosis, and microretrognathia.18 

Mutations in the related factor SNRPA also cause craniofacial defects, intellectual disability, 

as well as short stature and hand anomalies.19 EIF4A3 mutations are associated with 

acrofacial dysostosis Richieri-Costa-Pereira syndrome, in which patients present Robin 

sequence (micrognathia, glossoptosis and cleft palate), laryngeal abnormalities, clubfeet, 

and midline cleft mandible.20 TXNL4A mutations in Burn-McKeown syndrome are 

associated with choanal atresia, sensorineural deafness, cardiac defects, and craniofacial 

dysmorphism.21 RBM8A haploinsufficiency has been linked to a condition known as 

thrombocytopenia-absent radius syndrome which presents skeletal anomalies, craniofacial 
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defects, and microcephaly.22,23 HNRNPR mutations are associated with Au-Kline 

syndrome, Bain type mental retardation, and early infantile epileptic encephalopathy-54, 

which are characterized by intellectual disability, seizures, and abnormalities of the skeleton 

and face.24 Finally, RBM10 mutations have been linked to TARP syndrome, a rare 

condition that causes Talipes equinovarus (clubfoot), Atrial septal defect, Robin sequence 

and Persistence left superior vena cava.25 Unlike RP and MDS, the proteins mutated in 

craniofacial spliceosomopathies are distributed across all complexes spliceosome (Figure 2; 

Table 1).

2.4 | Other spliceosomopathies

Spinal muscular atrophy (SMA) is an autosomal recessive disorder, characterized by 

progressive loss of spinal cord motor neurons. SMA has been linked to mutations in survivor 

of motor neuron 1 (SMN1) gene, a factor involved in the assembly of snRNPs.26

Amyotrophic lateral sclerosis (ALS) is a progressive adult onset disorder also characterized 

by progressive loss of spinal cord motor neurons (Figure 1). A subset of ALS patients 

have mutations in TAR DNA-binding protein (TARDBP) or fused in sarcoma (FUS), two 

genes encoding proteins responsible for spliceosome maintenance.26,34 Genodermatosis 

poikiloderma with neutropenia, Clericuzio-type, is characterized by an inflammatory 

rash accompanied by sinopulmonary infections and bronchiectasis.27 These patients have 

mutations in USB1, a gene that encodes a protein responsible for U6 snRNA processing.28 

In some rare cases, spliceosomopathies can display a broad array of clinical manifestations. 

For example, mutations in CWC27, encoding spliceosome-associated cyclophilin, lead 

to a spectrum of conditions including retinal degeneration, short stature, craniofacial 

abnormalities, brachydactyly, and neurological defects.29

3 | MECHANISMS UNDERLYING SPLICEOSOMOPATHIES

While it is known that mutations in splicing factors can lead to spliceosome dysfunction, 

resulting in mis-splicing of pre-mRNA, the exact mechanism by which these mutations 

cause tissue- or cell type-specific pathologies remains largely unknown. As the spliceosome 

is comprised of five snRNAs and over 100 associated proteins in five distinct complexes 

(Figure 2; Table 1), proposed underlying mechanisms/etiology of spliceosomopathies have 

been driven by the idea that mutations in splicing factors disrupt protein-protein or protein­

RNA interactions within the complex creating aberrant transcripts that are uniquely required 

for one cell type or another.

In the context of human disease, mutations in splicing factors are usually heterozygous 

mutations. Therefore, with some wild-type protein remaining, the spliceosome as a whole 

is expected to be at least partially functional in patients. Because of the presence of some 

wild-type protein, not all pre-mRNAs within the cell are expected to be mis-spliced, rather 

one would predict a shift in the ratio of normal vs mis-spliced mRNAs.

3.1 | Retinitis pigmentosa

To understand how mutations affect pre-mRNA processing, the formation, composition, 

and stability of the spliceosome have been investigated in the context of RP. Mutations 
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in PRPF proteins—most commonly PRPF3, PRPF4, PRPF8, and PRPF31—have been 

found to disrupt the overall kinetics and composition of the spliceosome.8 Specifically, 

there is a reduction in snRNA levels, affecting the relative composition of the tri-snRNPs, 

accompanied by delayed and less efficient tri-snRNPs and spliceosome assembly, resulting 

in reduced rate of pre-mRNA splicing.

Disrupted interactions within the spliceosome as a result of PRPF-mediated RP have been 

studied in a number of organisms. In yeast and zebrafish, introduction of RP-associated 

PRPF mutations resulted in disruption of protein-protein or protein-RNA interactions that 

are necessary for proper tri-snRNP assembly36,37 leading to compromised splicing function.

SNRNP200 encodes a protein that is involved in unwinding of the U4/U6 snRNAs during 

spliceosome assembly and disassembly.7 Unwinding is required both for formation of the 

catalytic form of the spliceosome as well as disassembly of the complex after splicing.38 

Mutations in the proteins involved in this process may disrupt spliceosome activity at both of 

these steps, compromising the overall splicing activity of the complex.

The retina-specific effects of RP spliceosomopathies have been attributed mostly to the 

sensitivity of the retina to spliceosomal defects. The retina is both a region of high metabolic 

rate37 and high pre-mRNA splicing activity as the retina expresses higher levels of sn-RNAs 

compared to other human tissues.8 For this reason, the threshold for sensitivity to mutations 

specifically in the tri-snRNP may be much lower in the retina than in other tissues, leading 

to tissue-specific defects. Consistent with this view, RP patients have splicing defects in 

other tissues; however, these defects did not result in any notable pathology outside the 

retina.8 However, tissue sensitivity cannot be the only explanation for RP tissue-specificity, 

since several spliceosome do not exhibit retinopathies.

3.2 | Myelodysplastic syndromes

Unlike RP and craniofacial spliceosomopathies, MDS are usually due to somatic mutations 

within hematopoietic cells in the bone marrow, which accounts for the tissue specificity of 

the spliceosome dysfunction. Familial MDS do exist, due to heritable germ line mutations, 

but the majority of these cases have been linked to mutations in GATA2, a transcription 

factor essential for the development of the hematopoietic lineage.39 Despite differences in 

how the mutations occur in patients, the underlying mechanism of the mutations in MDS can 

still inform the mechanism of splicing factor mutations in other diseases.

The activity of several splicing factor proteins has been examined in the context of MDS, 

such as serine/ arginine-rich splicing factor 2 (SRSF2), a protein involved in recognizing and 

binding to the exonic splicing enhancer (ESE) sequences11 (Table 1). The ESE sequences 

within the exon recruit proteins to establish and stabilize an exon definition complex 

during spliceosome assembly, identifying the region surrounding the splice site.1 SRSF2 

mutations disrupt the ESE sequence-specific functions, leading to ESE sequence skipping, 

and resulting in abnormal splicing.40 Furthermore, these mutations have been reported to 

change the conformation of the RNA binding motifs of SRSF2 protein, thereby preventing 

interaction with its natural targets.40 SRSF2, along with its role in the spliceosome, has been 

found to associate with the P300/CBP complex near immune checkpoint genes.41 In this 
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role, SRSF2 is able to alter the H3K27Ac level thereby influencing the epigenetic landscape 

and the transcription of target genes.

MDS can progress to leukemia and blood cancers, and some splicing factor mutations can 

promote malignancy. For example, mutations in U2 snRNA auxiliary factor 1 (U2AF1) 

cause aberrant splicing, which can result in the production of different isoforms of the 

target proteins. One such target is IRAK4 for which the alternative splice variant IRAK4­

L potentiates MAPK and NF-κB signaling, both of which increase fitness of malignant 

progenitor cells.10,33 However, work in mouse models of the disease indicates that full­

fledged MDS and MDS-leukemia do not occur simply as a result of U2AF1 mutations but 

require a second MDS-related mutation, such as mutations in RUNX1 gene.31 Therefore, in 

some contexts, splicing factor mutations act as facilitators of the disease, rather than being 

the actual drivers of the phenotype.

SF3B1 is the most frequently mutated gene in MDS, particularly in patients with refractory 

anemia with ring sideroblasts. Mutations in SF3B1 affect its binding affinity for other 

components of the spliceosome,42 preventing its proper arrangement during splice site 

recognition and rearrangement during catalytic activation, resulting in the production 

of aberrant transcripts. The ultimate outcome is a specific decrease in hematopoietic 

progenitors and mature blood cell formation43 due to the large number of hematopoietic 

lineage-specific genes that are directly targeted by SF3B1.42

An important step in understanding the mechanisms underlying these conditions is to 

identify which factors normally interact with the splicing proteins and how these interactions 

are disrupted in the mutated proteins. For example, mutations in SF3B1 associated with 

MDS cause a decrease in the overall affinity for one of its binding partners, SUGP1, thus 

compromising spliceosome function.42 Defining the specificity of these interactions is also 

important for understanding the pathways that are affected in the disease state. In MDS, 

the splicing of key regulators of hematopoiesis is disrupted, affecting processes such as 

iron transport,44 regulation of granulopoiesis,45 and hematopoietic stem cell maintenance.46 

SF3B1 mutant cell lines were found to have differential expression of genes involved in 

iron homeostasis and MDS pathogenesis, as well as mitochondrial metabolism and RNA 

splicing.47 On the other hand, aberrant splicing of certain kinases in MDS results in 

hyperactivation of NF-κB signaling pathway, disrupting normal physiological processes in 

the cells and promoting malignant precursors.10

An underlying theme in MDS-related spliceosomopathies is the resulting genomic 

instability. Mutations in SRSF2 and U2AF1 have been found to activate the DNA damage 

response pathway.33,47,48 In addition, disruption of the spliceosome structure has been 

shown to decrease RNA Polymerase II transcription speed, which in turn induces R-loop 

formation.48,49 DNA damage combined with transcriptional stress activates the ATR-Chk1 

pathway, compromising cell cycle progression and resulting in cell death. As a consequence, 

these patients exhibit a loss of hematopoietic progenitor populations.
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3.3 | Craniofacial disorders

With regard to craniofacial spliceosomopathies, the literature remains largely descriptive in 

nature. Clinical phenotypes have been attributed to specific mutations, but the pathways 

from mutation to clinical readout are unknown. While the pathology of craniofacial 

disorders, retina degeneration, and blood cancers are quite different, the etiology underlying 

these conditions may have some commonality, and the underlying mechanisms in each one 

of these conditions may therefore inform the others. For example, as has been the case in 

MDS, to better understand the mechanisms underlying craniofacial spliceosomopathies, it is 

necessary to identify and characterize the normal targets of these splicing factors, as well as 

the mis-spliced genes.

Although spliceosomopathies involve mutations in splicing factors, it is also important 

to consider that the splicing activity of these proteins might not be at the crux of the 

disease pathology but may depend on unrelated functions. Many splicing factors have been 

proposed to have non-canonical roles that could contribute to specific disease phenotypes. 

For example, SF3B4 is part of the U2 complex in the spliceosome (Figure 2; Table 1) 

but also functions as a cofactor for p180 in the rough endoplasmic reticulum to facilitate 

translation of secretory proteins.50 SF3B4 also has a potential role in BMP signaling, since 

the protein was found to bind to BMPR-1A in a yeast two-hybrid screen,51 and to interfere 

with BMP signaling in mammalian cells in culture52; however, this connection to BMP 

signaling could not be confirmed in Xenopus laevis.53

There is an interesting parallel that can be drawn between spliceosomopathies and 

ribosomopathies. Ribosomopathies encompass a group of diseases due to mutations in 

ribosomal proteins or ribosome biogenesis factors.54 Like the spliceosome, ribosomes are 

an essential component of the cell machinery, ubiquitously required in all cell types, 

and yet ribosomopathies also frequently present tissue-specific disorders3 as seen in 

Treacher Collins syndrome (TCS)55 and Diamond-Blackfan anemia,56 both characterized 

by mandibulofacial dysostosis (MFD).35 It has been proposed that different ribosome 

biogenesis requirements across tissues during development could lead to the tissue 

specificity of ribosomopathies or that expression levels of certain components of the 

ribosome differ across cell types.57 The tissue specificity of spliceosomopathies may have a 

similar origin with developmental processes regulating the differential distribution of various 

spliceosome components. Most craniofacial structures affected in MFD are derived from 

neural crest cells, which have a high metabolic rate and high demand in splicing activity, 

and this could also account for their susceptibility to defects in both ribosomopathies and 

spliceosomopathies.

Both ribosomopathies and spliceosomopathies have been connected to DNA damage/repair 

mechanisms. The nucleolar protein Treacle, which is mutated in TCS, has been found 

to interact with the MRNM complex that is critical in DNA damage response/repair to 

limit oxidative stress-induced cell death, and in mouse models of TCS, this repair process 

is perturbed.58 In MDS, SF3B1 has been found to form a complex with BRCA1 and 

BCLAF1 at sites of DNA damage and to regulate pre-mRNA splicing of genes involved 

in DNA damage signaling and repair.47 Impaired DNA damage response often lead to 

apoptosis, underlying the MDS-associated pathology. Interestingly, animal models of both 
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the ribosomopathy TCS59,60 and the spliceosomopathy NS53 indicate that loss of neural 

and neural crest progenitors occurs through mechanisms that involve apoptosis53,59,60 

and decreased proliferation,59 pointing to a common root cause for these craniofacial 

pathologies.

3.4 | Perspectives

Much remains to be learned on the mechanisms underlying spliceosomopathies. While the 

spliceosome is part of the general cell machinery, it is likely that associated proteins and/or 

interacting partners and/or target mRNAs could be differentially expressed and may explain 

the tissue-specific pathologies associated with these conditions. The mere observation that 

spliceosomopathies can affect tissues as diverse as the retina, bone marrow, and neural crest 

clearly indicates that all components of the spliceosome are not equal. Therefore, studies 

aimed at characterizing these specific interactions will be critical to gain novel insights into 

these pathologies, while keeping in mind that some of these splicing proteins may also carry 

non-canonical functions in addition to their pre-mRNA processing activity.

ACKNOWLEDGMENTS

We are grateful to Dr. Aditi Dubey and Dr. Nadège Gouignard for critical reading of the manuscript. J-P. S-J. is 
supported by a grant from the National Institutes of Health, R01DE025468.

Funding information

National Institute of Dental and Craniofacial Research, Grant/Award Number: R01DE025468

REFERENCES

1. Will CL, Luhrmann R. Spliceosome structure and function. Cold Spring Harb Perspect Biol. 
2011;3(7):1–23. 10.1101/cshperspect.a003707.

2. Verma B, Akinyi MV, Norppa AJ, Frilander MJ. Minor spliceosome and disease. Semin Cell Dev 
Biol 2018;79:103–112. 10.1016/j.semcdb.2017.09.036. [PubMed: 28965864] 

3. Yelick PC, Trainor PA. Ribosomopathies: global process, tissue specific defects. Rare Dis. 
2015;3(1):e1025185. 10.1080/21675511.2015.1025185. [PubMed: 26442198] 

4. Hamel C. Retinitis pigmentosa. Orphanet J Rare Dis. 2006;1:40. 10.1186/1750-1172-1-40. 
[PubMed: 17032466] 

5. Fahim AT, Daiger SP, Weleber RG. Nonsyndromic retinitis pigmentosa overview. In: Adam MP, 
Ardinger HH, Pagon RA, et al., eds. Gene Reviews. Seattle, WA: University of Washington, Seattle; 
1993.

6. Daiger SP, Bowne SJ, Sullivan LS. Perspective on genes and mutations causing retinitis pigmentosa. 
Arch Ophthalmol. 2007; 125(2):151–158. 10.1001/archopht.125.2.151. [PubMed: 17296890] 

7. Zhao C, Bellur DL, Lu S, et al. Autosomal-dominant retinitis pigmentosa caused by a mutation in 
SNRNP200, a gene required for unwinding of U4/U6 snRNAs. Am J Hum Genet. 2009;85(5):617–
627. 10.1016/j.ajhg.2009.09.020. [PubMed: 19878916] 

8. Tanackovic G, Ransijn A, Thibault P, et al. PRPF mutations are associated with generalized defects 
in spliceosome formation and pre-mRNA splicing in patients with retinitis pigmentosa. Hum Mol 
Genet. 2011;20(11):2116–2130. 10.1093/hmg/ddr094. [PubMed: 21378395] 

9. Yoshida K, Sanada M, Shiraishi Y, et al. Frequent pathway mutations of splicing machinery in 
myelodysplasia. Nature. 2011;478(7367):64–69. 10.1038/nature10496. [PubMed: 21909114] 

10. Smith MA, Choudhary GS, Pellagatti A, et al. U2AF1 mutations induce oncogenic IRAK4 
isoforms and activate innate immune pathways in myeloid malignancies. Nat Cell Biol. 
2019;21(5):640–650. 10.1038/s41556-019-0314-5. [PubMed: 31011167] 

Griffin and Saint-Jeannet Page 8

Dev Dyn. Author manuscript; available in PMC 2021 November 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



11. Graveley BR, Maniatis T. Arginine/serine-rich domains of SR proteins can function as activators 
of pre-mRNA splicing. Mol Cell. 1998;1(5):765–771. 10.1016/s1097-2765(00)80076-3. [PubMed: 
9660960] 

12. Verheij JB, de Munnik SA, Dijkhuizen T, et al. An 8.35 Mb overlapping interstitial deletion of 
8q24 in two patients with coloboma, congenital heart defect, limb abnormalities, psychomotor 
retardation and convulsions. Eur J Med Genet. 2009;52 (5):353–357. 10.1016/j.ejmg.2009.05.006. 
[PubMed: 19464398] 

13. El Chehadeh S, Kerstjens-Frederikse WS, Thevenon J, et al. Dominant variants in the splicing 
factor PUF60 cause a recognizable syndrome with intellectual disability, heart defects and short 
stature. Eur J Hum Genet. 2016;25(1):43–51. 10.1038/ejhg.2016.133. [PubMed: 27804958] 

14. Lines MA, Huang L, Schwartzentruber J, et al. Haploinsufficiency of a spliceosomal GTPase 
encoded by EFTUD2 causes mandibulofacial dysostosis with microcephaly. Am J Hum Genet. 
2012;90(2):369–377. 10.1016/j.ajhg.2011.12.023. [PubMed: 22305528] 

15. Bernier FP, Caluseriu O, Ng S, et al. Haploinsufficiency of SF3B4, a component of the pre-mRNA 
spliceosomal complex, causes Nager syndrome. Am J Hum Genet. 2012;90(5):925–933. 10.1016/
j.ajhg.2012.04.004. [PubMed: 22541558] 

16. Czeschik JC, Voigt C, Alanay Y, et al. Clinical and mutation data in 12 patients with the clinical 
diagnosis of Nager syndrome. Hum Genet. 2013;132(8):885–898. 10.1007/s00439-013-1295-2. 
[PubMed: 23568615] 

17. Petit F, Escande F, Jourdain AS, et al. Nager syndrome: confirmation of SF3B4 haploinsufficiency 
as the major cause. Clin Genet. 2014;86(3):246–251. 10.1111/cge.12259. [PubMed: 24003905] 

18. Lynch DC, Revil T, Schwartzentruber J, et al. Disrupted autoregulation of the spliceosomal 
gene SNRPB causes cerebro-costo-mandibular syndrome. Nat Commun. 2014;5:4483. 10.1038/
ncomms5483. [PubMed: 25047197] 

19. Rangel-Sosa MM, Figuera-Villanueva LE, Gonzalez-Ramos IA, et al. Exome sequencing reveals 
three homozygous missense variants in SNRPA in two sisters with syndromic intellectual 
disability. Clin Genet. 2018;93(6):1229–1233. 10.1111/cge.13235. [PubMed: 29437235] 

20. Favaro FP, Alvizi L, Zechi-Ceide RM, et al. A noncoding expansion in EIF4A3 causes Richieri­
Costa-Pereira syndrome, a craniofacial disorder associated with limb defects. Am J Hum Genet. 
2014;94(1):120–128. 10.1016/j.ajhg.2013.11.020. [PubMed: 24360810] 

21. Wieczorek D, Newman WG, Wieland T, et al. Compound heterozygosity of low-frequency 
promoter deletions and rare loss-of-function mutations in TXNL4A causes burn-McKeown 
syndrome. Am J Hum Genet. 2014;95(6):698–707. 10.1016/j.ajhg.2014.10.014. [PubMed: 
25434003] 

22. Mao H, Pilaz LJ, McMahon JJ, et al. Rbm8a haploinsufficiency disrupts embryonic 
cortical development resulting in microcephaly. J Neurosci. 2015;35(18):7003–7018. 10.1523/
JNEUROSCI.0018-15.2015. [PubMed: 25948253] 

23. Gamba BF, Zechi-Ceide RM, Kokitsu-Nakata NM, et al. Interstitial 1q21.1 microdeletion is 
associated with severe skeletal anomalies, dysmorphic face and moderate intellectual disability. 
Mol Syndromol. 2016;7(6):344–348. 10.1159/000450971. [PubMed: 27920638] 

24. Duijkers FA, McDonald A, Janssens GE, et al. HNRNPR variants that impair Homeobox gene 
expression drive developmental disorders in humans. Am J Hum Genet. 2019;104(6):1040–1059. 
10.1016/j.ajhg.2019.03.024. [PubMed: 31079900] 

25. Johnston JJ, Teer JK, Cherukuri PF, Hansen NF, Loftus SK; NIH Intramural Sequencing Center 
(NISC), Chong K, Mullikin JC, Biesecker LG. Massively parallel sequencing of exons on the 
X chromosome identifies RBM10 as the gene that causes a syndromic form of cleft palate. Am 
J Hum Genet. 2010;86(5): 743–748. http://www.ncbi.nlm.nih.gov/pubmed/20451169. [PubMed: 
20451169] 

26. Tsuiji H, Iguchi Y, Furuya A, et al. Spliceosome integrity is defective in the motor neuron diseases 
ALS and SMA. EMBO Mol Med. 2013;5(2):221–234. 10.1002/emmm.201202303. [PubMed: 
23255347] 

27. Wang X, Wen S, Sun J. Poikiloderma-like cutaneous amyloidosis accompanied by generalized 
milia in a Chinese man. J Dermatol. 2017;44(4):476–477. 10.1111/1346-8138.13476. [PubMed: 
27333972] 

Griffin and Saint-Jeannet Page 9

Dev Dyn. Author manuscript; available in PMC 2021 November 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.ncbi.nlm.nih.gov/pubmed/20451169


28. Shchepachev V, Wischnewski H, Missiaglia E, Soneson C, Azzalin CM. Mpn1, mutated in 
poikiloderma with neutropenia protein 1, is a conserved 30-to-5′ RNA exonuclease processing 
U6 small nuclear RNA. Cell Rep. 2012;2(4):855–865. 10.1016/j.celrep.2012.08.031. [PubMed: 
23022480] 

29. Xu M, Xie YA, Abouzeid H, et al. Mutations in the Spliceosome component CWC27 cause 
retinal degeneration with or without additional developmental anomalies. Am J Hum Genet. 2017; 
100(4):592–604. 10.1016/j.ajhg.2017.02.008. [PubMed: 28285769] 

30. Catenacci DV, Schiller GJ. Myelodysplasic syndromes: a comprehensive review. Blood Rev. 
2005;19(6):301–319. 10.1016/j.blre.2005.01.004. [PubMed: 15885860] 

31. Fei DL, Zhen T, Durham B, et al. Impaired hematopoiesis and leukemia development in mice with 
a conditional knock-in allele of a mutant splicing factor gene U2af1. Proc Natl Acad Sci U S A. 
2018;115(44):E10437–E10446. 10.1073/pnas.1812669115. [PubMed: 30322915] 

32. Heaney ML, Golde DW. Myelodysplasia. N Engl J Med.1999;340 (21):1649–1660. 10.1056/
NEJM199905273402107. [PubMed: 10341278] 

33. Pellagatti A, Boultwood J. Splicing factor mutant myelodysplastic syndromes: recent advances. 
Adv Biol Regul 2020;75:100655. 10.1016/j.jbior.2019.100655. [PubMed: 31558432] 

34. Lehalle D, Wieczorek D, Zechi-Ceide RM, et al. A review of craniofacial disorders caused by 
spliceosomal defects. Clin Genet. 2015;88(5):405–415. 10.1111/cge.12596. [PubMed: 25865758] 

35. Trainor PA, Andrews BT. Facial dysostoses: etiology, pathogenesis and management. Am J Med 
Genet C Semin Med Genet. 2013;163C(4):283–294. 10.1002/ajmg.c.31375. [PubMed: 24123981] 

36. Linder B, Hirmer A, Gal A, et al. Identification of a PRPF4 loss-of-function variant that abrogates 
U4/U6.U5 tri-snRNP integration and is associated with retinitis pigmentosa. PLoS One. 2014; 
9(11):e111754. 10.1371/journal.pone.0111754. [PubMed: 25383878] 

37. Boon KL, Grainger RJ, Ehsani P, et al. prp8 mutations that cause human retinitis pigmentosa 
lead to a U5 snRNP maturation defect in yeast. Nat Struct Mol Biol. 2007;14(11):1077–1083. 
10.1038/nsmb1303. [PubMed: 17934474] 

38. Mefford MA, Staley JP. Evidence that U2/U6 helix I promotes both catalytic steps of pre­
mRNA splicing and rearranges in between these steps. RNA. 2009;15(7):1386–1397. 10.1261/
rna.1582609. [PubMed: 19458033] 

39. Hahn CN, Chong CE, Carmichael CL, et al. Heritable GATA2 mutations associated with familial 
myelodysplastic syndrome and acute myeloid leukemia. Nat Genet. 2011;43(10):1012–1017. 
10.1038/ng.913. [PubMed: 21892162] 

40. Kim E, Ilagan JO, Liang Y, et al. SRSF2 mutations contribute to myelodysplasia 
by mutant-specific effects on exon recognition. Cancer Cell. 2015;27(5):617–630. 10.1016/
j.ccell.2015.04.006. [PubMed: 25965569] 

41. Wang Z, Li K, Chen W, et al. Modulation of SRSF2 expression reverses the exhaustion of TILs 
via the epigenetic regulation of immune checkpoint molecules. Cell Mol Life Sci. 2019. 10.1007/
s00018-019-03362-4.

42. Zhang J, Ali AM, Lieu YK, et al. Disease-causing mutations in SF3B1 Alter splicing by disrupting 
interaction with SUGP1. Mol Cell. 2019;76(1):82–95.e7. 10.1016/j.molcel.2019.07.017. [PubMed: 
31474574] 

43. De La Garza A, Cameron RC, Nik S, Payne SG, Bowman TV. Spliceosomal component Sf3b1 
is essential for hematopoietic differentiation in zebrafish. Exp Hematol. 2016;44(9):826–837. e4. 
10.1016/j.exphem.2016.05.012. [PubMed: 27260753] 

44. Dolatshad H, Pellagatti A, Liberante FG, et al. Cryptic splicing events in the iron transporter 
ABCB7 and other key target genes in SF3B1-mutant myelodysplastic syndromes. Leukemia. 
2016;30(12):2322–2331. 10.1038/leu.2016.149. [PubMed: 27211273] 

45. Maxson JE, Tyner JW. Genomics of chronic neutrophilic leukemia. Blood. 2017;129(6):715–722. 
10.1182/blood-2016-10-695981. [PubMed: 28028025] 

46. Sun J, He X, Zhu Y, et al. SIRT1 activation disrupts maintenance of myelodysplastic syndrome 
stem and progenitor cells by restoring TET2 function. Cell Stem Cell. 2018;23(3):355–369. e9. 
10.1016/j.stem.2018.07.018. [PubMed: 30146412] 

47. Dolatshad H, Pellagatti A, Fernandez-Mercado M, et al. Disruption of SF3B1 results in 
deregulated expression and splicing of key genes and pathways in myelodysplastic syndrome 

Griffin and Saint-Jeannet Page 10

Dev Dyn. Author manuscript; available in PMC 2021 November 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hematopoietic stem and progenitor cells. Leukemia. 2015;29(8):1798. 10.1038/leu.2015.178. 
[PubMed: 26242354] 

48. Chen L, Chen JY, Huang YJ, et al. The augmented R-loop is a unifying mechanism 
for Myelodysplastic syndromes induced by high-risk splicing factor mutations. Mol Cell. 
2018;69(3):412–425.e6. 10.1016/j.molcel.2017.12.029. [PubMed: 29395063] 

49. Ji X, Zhou Y, Pandit S, et al. SR proteins collaborate with 7SK and promoter-associated nascent 
RNA to release paused polymerase. Cell. 2013;153(4):855–868. 10.1016/j.cell.2013.04.028. 
[PubMed: 23663783] 

50. Kotani S, Yoda A, Kon A, et al. Molecular pathogenesis of disease progression in MLL-rearranged 
AML. Leukemia. 2019;33 (3):612–624. 10.1038/s41375-018-0253-3. [PubMed: 30209403] 

51. Nishanian TG, Waldman T. Interaction of the BMPR-IA tumor suppressor with a 
developmentally relevant splicing factor. Biochem Biophys Res Commun. 2004;323(1):91–97. 
10.1016/j.bbrc.2004.08.060. [PubMed: 15351706] 

52. Watanabe H, Shionyu M, Kimura T, Kimata K, Watanabe H. Splicing factor 3b subunit 4 binds 
BMPR-IA and inhibits osteochondral cell differentiation. J Biol Chem. 2007;282(28): 20728–
20738. 10.1074/jbc.M703292200. [PubMed: 17513295] 

53. Devotta A, Juraver-Geslin H, Gonzalez JA, Hong CS, Saint-Jeannet JP. Sf3b4-depleted Xenopus 
embryos: a model to study the pathogenesis of craniofacial defects in Nager syndrome. Dev Biol. 
2016;415(2):371–382. 10.1016/j.ydbio.2016.02.010. [PubMed: 26874011] 

54. Danilova N, Gazda HT. Ribosomopathies: how a common root can cause a tree of pathologies. Dis 
Model Mech. 2015;8(9): 1013–1026. 10.1242/dmm.020529. [PubMed: 26398160] 

55. The Treacher Collins Syndrome Collaborative Group. Positional cloning of a gene involved 
in the pathogenesis of Treacher Collins syndrome. Nat Genet. 1996;12(2):130–136. 10.1038/
ng0296-130. [PubMed: 8563749] 

56. Draptchinskaia N, Gustavsson P, Andersson B, et al. The gene encoding ribosomal protein S19 is 
mutated in diamond-Blackfan anaemia. Nat Genet. 1999;21(2):169–175. 10.1038/5951. [PubMed: 
9988267] 

57. KL MC, Baserga SJ. Genetics. Mysterious ribosomopathies. Science. 2013;341(6148):849–850. 
10.1126/science.1244156. [PubMed: 23970686] 

58. Sakai D, Dixon J, Achilleos A, Dixon M, Trainor PA. Prevention of Treacher Collins syndrome 
craniofacial anomalies in mouse models via maternal antioxidant supplementation. Nat Commun. 
2016;7:10328. 10.1038/ncomms10328. [PubMed: 26792133] 

59. Dixon J, Jones NC, Sandell LL, et al. Tcof1/treacle is required for neural crest cell formation and 
proliferation deficiencies that cause craniofacial abnormalities. Proc Natl Acad Sci U S A. 2006; 
103(36):13403–13408. 10.1073/pnas.0603730103. [PubMed: 16938878] 

60. Jones NC, Lynn ML, Gaudenz K, et al. Prevention of the neurocristopathy Treacher Collins 
syndrome through inhibition of p53 function. Nat Med. 2008;14(2):125–133. 10.1038/nm1725. 
[PubMed: 18246078] 

Griffin and Saint-Jeannet Page 11

Dev Dyn. Author manuscript; available in PMC 2021 November 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 1. 
Spliceosomopathies are largely tissue-specific. The tissues affected by these pathologies 

and their association with mutations in genes encoding components of the spliceosome are 

indicated
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FIGURE 2. 
Schematic representation of the major steps of precursor messenger-RNA splicing and 

the involvement of the proteins that have been linked to spliceosomopathies. Proteins are 

grouped based on their activity and association with a specific complex of the spliceosome. 

The link to a specific disease is color-coded based on Figure 1. Proteins mutated in 

retinitis pigmentosa (green) are primarily associated with U4/U6 complex. Proteins mutated 

in myelodysplastic syndromes (blue) are primarily associated with U2 complex. Proteins 

mutated in craniofacial spliceosomopathies (orange) are distributed across all complexes. 

Exons are represented as yellow boxes. EJC, exon-junction complex
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