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Abstract

Proper splicing of pre-mRNA is required for protein synthesis and therefore is a fundamental
cellular function. The discovery of a variety of somatic spliceosomal mutations in hematologic
malignancies, including myeloid neoplasms and chronic lymphocytic leukemia has pointed to a
new leukemogenic pathway involving spliceosomal dysfunction. Theoretically, spliceosomal
mutations can lead to activation of incorrect splice sites, intron retention or aberrant alternative
splicing occurring in patterns generated by mutations of individual spliceosomal proteins. Such
events can produce a defective balance between protein isoforms leading to functional
consequences including defective regulation of proliferation and differentiation. The observed
pattern of occurrence of highly specific missense mutations coupled with the lack of nonsense
mutations and deletions, implies a gain-of-function or better gain-of-dysfunction mechanism.
Incorrect splicing of downstream genes such as tumor suppressor genes may result in
haploinsufficient expression through nonsense mediated mMRNA decay. Thus sliceosomal
mutations may, depending on the pattern of affected proteins, lead to similar functional effects on
tumor suppressor genes as chromosomal deletions, epigenetic silencing or inactivating/
hypomorphic mutations. The prognostic value of the most common mutations and their
phenotypic association in the clinical setting is currently being investigated. It is likely that
spliceosomal mutations may indicate sensitivity to spliceosome inhibitors applied in the form of a
synthetic lethal approach. This manuscript discusses the most current aspects of spliceosomal
research in the context of hematologic malignancies.

Molecular pathogenesis of myeloid malignancies: novel somatic mutations

Application of array-based technologies has led to discovery new chromosomal lesions,
including micro-deletions, -duplications and somatic uniparental disomy (UPD) associated
with myeloid malignancies. New tumor-specific somatic mutations were discovered through
rational searches based on more precise delineation of minimally affected chromosomal
regions and, more recently, by application of unbiased high-throughput sequencing
approaches. Extensions of these technologies led also to a better appreciation of epigenetic
changes in the leukemic genome, including cytosine methylation, hydroxymethylation and
carboxylation. Newly discovered mutations can be sub-classified into categories such as
those contributing to epigenetic instability, mutations in receptor kinases or those involved
in apoptotic or differentiation pathways. The recently discovered mutations in spliceosomal
protein genes constitute of a novel class of genomic lesions and define an entirely new
pathogenic pathway of leukemogenesis.
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Spliceosomal function or dysfunction

Spliceosomes and gene expression

During the process of gene expression in eukaryotic cells, pre-mRNA, which contains both
introns and exons, undergoes splicing of introns and ligation of exons, a fundamental
process needed to form mature mRNA transcripts (Wahl MC. 2009; Ward AJ and Cooper
TA et al, 2010; Fig. 1). Recent evidence suggests that most human genes are spliced in two
or more patterns to produce mRNAS encoding proteins with altered sequence in a process
known as alternative splicing. These alternative splicing events are cell type specific and
highly regulated. Spliceosomes are intracellular protein/RNA complexes that catalyze the
splicing reaction. The structure of spliceosomes is complex: they contain over 150 distinct
proteins and 5 small nuclear (sn) RNAs. As splicing proceeds, the formation of the active
spliceosome involves an ordered, stepwise assembly of discrete particles on the pre-mRNA
substrate. Early steps involve recognition of the 5’ and 3’ exon/intron junctions through a
number of protein-RNA and RNA-RNA interactions. Later steps bring the two complexes
together and construct the active spliceosomal complex. The early steps appear to be the site
of most alternative splicing regulation (Wang ET et a/, 2008).

Many organisms including humans have two mutually exclusive types of pre-mRNA introns
which are spliced by two distinct spliceosomes. The major type of intron, called U2-
dependent, accounts for 99.7% of human introns while the minor type, called U12-
dependent, numbers around 800 in humans (Will CL, Lihrmann R. 2005; Wachtel C,
Manley JL. 2009). These U12-dependent introns are found in around 800 genes along with
major class introns. Many of these genes code for essential cellular proteins. The two
spliceosomes differ in four of the five SnRNAs but share most of the proteins involved in
splicing. The different SnARNAs recognize the splice site sequences through base pairing
interactions accounting for the different specificities of the two spliceosomes and the
different consensus sequences of the two classes of intronic splice sites (Wahl MC. 2009;
Wachtel C, Manley JL. 2009).

Of importance is that the process of splicing is further regulated by chemical modifications.
Various spliceosomal proteins undergo acetylation and are targets for histone acetylases and
deacetylases (Kuhn AN, et a/, 2009). Similarly, SR-domain containing proteins are
substrates SLK like serine kinases; phophorylation appears to promote assembly and
activate the splicing process (Prasad J ef a/, 2009; Muraki M et a/, 2004, Pilch B et al, 2004).

Splicosomal genes affected by somatic mutations

Recently, several groups have reported results of either whole genome or exome high
throughput sequencing of tumor samples from patients with several types of myeloid
neoplasia and chronic lymphocytic leukemia (Visconte V et a/, 2011; Makishima H et al,
2012; Yoshida K et a/, 2011; Graubert TA et al, 2011; Papaemmanuil E et a/, 2011; Rossi D
etal,2011; Wang L et a/2011, Quesada V et al, 2011). A striking feature of these studies is
that they revealed frequent somatic mutations in a number of spliceosomal proteins. The
most commonly mutated spliceosomal factor genes include (Tab. 1, Fig. 3):

SF3B1—Perhaps the most frequently detected spliceosomal factor mutations were found in
the SF3B1 gene on chromosome 2g33.1. This gene codes for subunit 1 of the splicing factor
3b protein complex (SF3b) which is involved in the early stages of spliceosomal assembly.
The SF3b complex is part of the functional form of the U2 snRNP that binds to the branch
site near the 3’ end of introns and helps to specify the site of splicing. Functionally, it cross-
link to a 25-nucleotide region in the pre-mRNA located immediately upstream of the
intronic branch site. SF3B1 is itself subject to alternative splicing resulting in the production
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of various different protein isoforms. SF3B1 also plays a role in the minor U12-dependent
spliceosome. Inhibition of splicing with spliceostatin A, a compound that targets the SF3B1
protein, or knock down of SF3B1 expression has been shown to alter the fidelity of branch
site recognition by U2 snRNP leading to specific alterations in the alternative splicing
patterns of many but not all genes (Corrionero et a/., 2011). Spliceostatin A and similar
compounds inhibit cell proliferation particularly of transformed cell lines suggesting that
modulation of SF3B1 activity by mutations could be oncogenic while also providing a target
for therepy.

U2AF1 and U2AF26—These genes are located on chromosome 21g22 and 19913.12,
respectively and code for related proteins that play a role in the early steps of 3’ splice site
recognition as mutually exclusive partners of the U2AF2 protein. Both proteins belong to
the serine/arginine (SR)-rich family of splicing regulatory factors and bind to both the
terminal RNA nucleotides of the intron and the U2AF2 protein. This complex then recruits
the U2 snRNP to the branch site region of the intron. These proteins also play a role in both
constitutive and regulated RNA splicing by directly mediating interactions between the
U2AF2 protein and other splicing regulators such as SRSF1 and SRSF2 (see below). Similar
to SF3B1, knock down of U2AF1 did not block splicing of all introns but rather had large
effects on the alternative splicing of a subset of genes leading to cell cycle arrest (Pacheco
TR, et al., 2006).

SRSF1 and SRSF2—These genes are located on chromosome 17922 and chromosome
17925.2 respectively. While SRSF2 was found frequently mutated especially in CMML,
SRSF1 mutations were less frequent. Both proteins belong to the SR splicing regulatory
factor family. Each of these factors contains an RNA recognition motif (RRM) for binding
RNA and an RS domain for binding other proteins. The RS domain is rich in serine and
arginine residues and facilitates interaction between different SR splicing factors. These
proteins bind to splicing regulatory sequence elements in pre-mRNA transcripts and to
components of the spliceosome, and can either activate or repress splicing depending on the
location of the pre-mRNA binding site. The proteins’ ability to activate splicing is regulated
by phosphorylation and interactions with other splicing factor associated proteins. SRSF1
and SRSF2 play a role in preventing exon skipping, ensuring the accuracy of splicing and
regulating alternative splicing. SRSF1 has an additional non-splicing function in the
maintainance of genome integrity (Li X and Manley JL, 2005)

ZRSR2—This gene is located on chromosome Xp22.2. The corresponding protein
associates with the U2AF heterodimer discussed above, which is required for the recognition
of a functional 3' splice site in pre-mRNA splicing, and thus may play a role in network
interactions during spliceosome assembly. ZRSR2 selectively interacts with the 3'-splice site
of U2- and U12-dependent pre-mRNAs and promotes different steps in U2- and U12-
dependent intron splicing (Shen H et al., 2010).

Less common mutations in various other genes for proteins with roles in the U2-dependent
and U12-dependent spliceosomes have also been found. The number of mutated genes
increases as larger sets of whole genome/exome sequenced cases are assembled (Fig. 1).

Consequences of spliceosomal dysfunction at the molecular level

It is notable that most of the splicing factors discussed below are known to act during early
exon recognition steps (Figs. 1 & 2). In addition, where this data is known, knockdown of
these factors in cells leads to specific alterations in splicing patterns for a subset of genes
rather than global affects on most genes. Nevertheless, other mutated splicing factors act
later in the splicing pathway and may affect splicing more broadly. The occurrence of
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mutations of spliceosomal proteins involved in various stages of this process suggests that
the entirety of splicing is vulnerable to the acquisition of molecular defects with
consequences in disease acquisition and progression Ward AJ, Cooper TA et al/, 2010).

At the molecular level, it is unclear whether the spliceosomal protein mutations encountered
in leukemia result in loss of function or gain of function. On the one hand, most of mutations
identified to date are missense and affect rather invariant positions in SF3B1, SRSF2,
U2AF1 and other spliceosomal proteins (Yoshida K et a/, 2011; Makishima H et a/, 2012).
Similarly, no nonsense or stop codon mutations have been found. These findings argue that
the spliceosomal protein mutations lead to gain of function. On the other hand, it would be
expected for classical gain of function mutations that one would encounter mutations in a
homozygous configuration through somatic UPD (as is observed for many other mutations
such as FTL3, JAK2 or CBL) (Makishima H et af, 2011). To this point, however,
homozygous or biallelic mutations in spliceosomal proteins have not been described. It may
well be that a homozygous mutant cell is non-viable just as the homozygous knock out of
SF3B1, for example, is embryonic lethal (Isono K ef a/, 2005). Nevertheless, the
heterozygous state does lead to identifiable alterations in splicing patterns. Similarly,
knockdown of U2AF1 expression results in defective splicing of exemplary indicator genes
(FuY etal, 2011). An increase of inappropriate splicing may ultimately lead to defective
expression and thereby indirectly to the loss of function of key downstream target genes. It
may thus be most appropriate to refer these mutations as change of function/neomorphic
mutations.

There are several possible effects on downstream gene expression that could result from
mutations in the spliceosome components (Fig. 2). SF3B1 and U2AF1 are proteins that help
in the recognition of 3’ splice sites in many genes (Wahl MC et a/, 2009; Fu Y et al, 2011).
SRSF2 is a member of a class of splicing modulators that recognize sequence elements
within exons and recruit other splicing factors to nearby splice sites (Shepard PJ, Hertel KJ
et al, 2009). There is evidence from specific knock down experiments that different introns
differ in their dependence on these factors for accurate splicing. Failure to correctly specify
the 3 splice sites of introns could lead to several defects in gene expression. First, a mutant
factor such as SF3B1 or U2AF1 could form inactive splicing complexes at the correct 3’
splice site leading to retention of the entire intron, activation of nearby cryptic splice sites or
exon skipping (Fig. 2). Each of these results could produce unstable RNAs either due to
nuclear degradation of intron-containing transcripts or cytoplasmic nonsense mediated decay
(NMD) due to frame shift-induced stop codons. A similar set of consequences can be
imagined for mutations in factors required for 5’ splice site recognition or the later steps of
splicing. In general, it is likely that mutations result in altered recognition of sequences
coding for 3’, 5° splice or branch sites. As a consequence binding sites can be missed or
alternative sites recognized leading to misplicing that is sequence-specific and thereby
generating a pattern of defects distinct for each mutation.

Alterative splicing involves the recognition of cis acting RNA regulatory sequences within
the pre-mRNA by trans acting RNA binding proteins that can either recruit splicing factors
to adjacent splice sites or block splicing by a number of different mechanisms. A feature of
alternatively spliced introns is that they generally have weak splice site sequences
presumably to make then dependent on factor binding (Wang ET et a/, 2008). The SF3B1
and U2AF1 proteins are believed to be some of the downstream target splicing factors that
interact with the regulatory proteins such as SRSF2. Thus, mutations in these factors are
likely to cause alterations in the alternative splicing of at least a subset of genes. This has, in
fact, been observed upon knock down of these factors in cultured cells (Fu Y et af, 2011).
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Spliceosomal dysfunction and consequences for clonal dominance

Irrespective of the basic mechanistic consequences of spliceosomal mutations, the main
conceptual questions to be answered in the next years will be: i) how do spliceosomal
protein mutations lead to the clonal growth advantage of mutant cells leading to malignant
outgrowth (Fig. 4); ii) whether spliceosome mutations have facilitating secondary features or
are of ancestral or founding nature; and iii) how different patterns of misplicing translate
into distinct phenotypic features 7.e., which are the critical downstream target genes and how
are they affected.

A lot of the pieces in this puzzle are still missing but there are several theoretical
possibilities as to how spliceosomal mutations exert their proleukemogenic properties or
contribute to specific phenotypes (as, for example, is seen for SF3B1 mutations and ring
sideroblasts in MDS). Splicing defects may lead to degradation of defective mRNA and
result in decreased expression of tumor suppressor genes (TSG). For instance, intron
retention may result in NMD. Functionally, this result would be equivalent to
haploinsufficiency as seen in loss of chromosomal material or to inactivating or
hypomorphic mutations in the corresponding TSG (Fig. 4). Consistent with this theory, we
have reported misplicing of specific introns in RUNX1 and EZH2 genes (Makishima H et a/,
2011), both known to be the target of direct mutations or to be contained within the
boundaries of chromosomal deletions. Each type of spliceosomal lesion may affect many
target mMRNAS and thereby produce a very individual phenotype but one can hypothesize
that some of the defectively spliced genes may have a crucial role in leukemogenesis or be
essential for specific phenotypic disease features. Potential mechanisms include aberrant
alternative splicing which could lead to altered relationship between the isoforms (e.g., pro-
versus anti-apoptotic isoforms of Bax family genes) that contribute to prooncogneic
potential or exon skipping which can lead to the generation of defective proteins with
dominant negative effects (Kim H et a/, 2009). Similarly, this down-regulation of SF3B1
induced an increase in the Bcl-x(s) with a concomitant decrease in the Bel-x(L) splice
variants and immunoreactive protein levels, thereby decreasing the Bcl-x(L)/Bcl-x(s) ratio.
Specific down-regulation of SF3B1 also inhibited the ability of exogenous ceramide
treatment to further induce the activation of the Bcl-x(s) 5' splice site (Massiello A et a/
2006).

The issue as to whether spliceosomal mutations are initiating events has also not been
answered. In our serial analyses, we have observed the presence of U2AF1 mutations from
the very beginning, prior to the unequivocal diagnosis of the malignant process (Abu Kar S
et al, 2012; Muramatsu H et a/, 2012). However, heterozygous SF3B1 knock out mice that
might be presumed to phenocopy the human mutations, do not develop MDS. In fact, these
mutations seem to be associated with the phenotypic feature of ring sideroblasts rather than
with malignant disease corresponding to the observation that SF3B1 mutations in MDS
appear to be associated with good prognosis (Visconte V et al, 2012, Malcovati L et al,
2012). This clinical observation could also argue against their ancestral nature. Spliceosomal
mutations may occur in early progenitors. Then, during lineage-specific differentiation,
when mRNASs targeted by mutations are expressed, the defects become functional and lead
to specific phenotypes. For instance, SF3B1 mutations produce changes in erythroid
precursors when present in the context of MDS or SRSF2 mutations are encountered in
association with chronic myelomonocytic leukemia (CMML). It is also possible that
spliceosomal mutations occur in more differentiated precursor cells. This may be the case in
CLL where likely lymphoid-specific genes are affected by misplicing (Rossi D et af, 2011;
Wang L ef a/ 2011, Quesada V et a/, 2011).
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Specific spliceosmal mutations and their clinical implications

Leukemias associated with specific spliceosomal protein mutations
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High-throughput sequencing screens of patients with MDS have led the to identification of
cases characterized by the presence of somatic mutations in various genes of the
spliceosomal machinery (Tab. 1, Fig. 3). Initially, SF3B1 was found to be mutated in
patients with refractory anemia (RA), refractory anemia with refractory cytopenia and
multilineage dysplasia (RCMD) and refractory anemia with ring sideroblasts (RARS and
RCMD-RS) as well as RARS with thrombocytosis (Visconte V et al, 2011; Papaemmanuil E
etal, 2011; Yoshida K et a/, 2011; Makishima H et a/, 2012). It appears that SF3B1
mutations are associated with RS as a phenotypic feature rather than transforming
properties. Knockdown of SF3B1 in cell lines does not result in accelerated growth and the
heterozygous knock out mouse does not develop MDS and the phenotype may need to be
investigated in a conditional knockout setting (Tiu R ef a/. unpublished results). It is possible
that one or more specific mMRNAs coding for proteins associated with mitochondrial iron
metabolism is/are misspliced. The specific mutations in SF3B1 are quite invariant with
mutations of K700 accounting for the majority (Visconte V et a/, 2011).

In 3 studies, SF3B1 mutations were found to be present in 5-15% of cases (17% in
fludarabine refractory patients). In CLL, the mutagenic event likely affects lymphoid
precursor/memory cells and, due to the lack of massive iron utilization machinery that is
operative in erythroid cells, iron rings are not present. Similarly, to RARS, SF3B1 mutations
in CLL were mostly missense and recurrently targeted 3 hotspots (4codons 662, 666, and
700). CLL SF3B1 mutations were consistently associated with a poor prognosis,
fludarabine-refractoriness. While they occurred occurred primarily in CLL with deletions of
11q, they were mutually exclusive with TP53 mutation (Rossi D et a/, 2011; Wang L et al,
2011; Quesada V at al, 2011).

In MDS, SF3B1 mutations account for the majority (80%) of cases characterized by
increased numbers of RS and affects around 28% of low risk MDS but is less frequently
found in advanced from of MDS, including SAML as well as being found in a small number
of cases (7%) of CMML (Yoshida K et a/, 2011; Makishima H et a/, 2011; Abu Kar S et al,
2012; Muramatsu H et a/, 2012). Mutation of SF3B1 has been proposed to account for
favorable prognosis but multivariate adjustment for other parameters suggests that SF3B1
mutations are not independent predictors of risk (Patnaik MM et a/, 2012). However, a
relative paucity of SF3B1 mutations suggests that progression to SAML is not a frequent
event in low risk MDS with mutant SF3B1.

In subsequent studies, other spliceosomal protein mutations were identified with U2AF1 and
SFSR2 mutations being the most common (Yoshida K et a/, 2011; Makishima H et a/, 2012;
Graubert TA et al, 2011). SRSF2 mutations are affecting the same position (canonical) and
have been found in 28-40% % of CMML patients as well as in some SAML cases, possibly
derived from SFSR2 (Yoshida K ef a/, 2011; Makishima H et a/, 2012; Abu Kar S et al,
2011). SRSF2 mutations have, to date, not been shown to convey an unfavorable prognosis
and can coexist with mutations in TET2, ASXL1 and RUNX1 but not U2AF1. U2AF1
mutations were found in 10% of MDS including more advanced stages as well as SAML but
also in up to 20% of patients with CMML. Most of the mutations affect 2 canonical zinc
finger domains. Interestingly both SRSF2 and U2AF1 have not been found to be mutated in
closely related pediatric leukemias including JMML (Hirabayashi S et a/, 2012; Abu Kar S
et al, 2012; Muramatsu H et a/, 2011). Mutated U2AF1 appears to convey poor prognosis in
CMML (Makishima H et a/, 2011). While mutually exclusive with SRSF2 mutations, both
gene mutations have been found in serial samples from the initial presentation onward and,
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in cross sectional studies of CMML-2 and sAML, the frequency of these mutations does not
differ.

Other splicing factors that are also frequently mutated in myeloid neoplasms include ZRSR2
(URP), SF1, PRPF40B, U2AF2 (U2AF65) and SF3A1 (Yoshida K et a/, 2011; Makishima
H et al, 2012). These mutations occur in a mutually exclusive pattern and also, with the
exception of ZRSR2, were only amino acid substitution mutations often with a high
recurrence of individual missense mutations. In the case of ZRSR2, missense, nonsense and
frame shift mutations were all detected (Yoshida K ef a/, 2011).

Therapeutic implications

Should spliceosomal mutations be proven to result in a gain of function or neomorphic
phenotype, application of specific spliceosomal inhibitors may allow for targeting of mutant
phenotype. So far, some spliceosomal inhibitors have been reported to have significant anti-
tumor cell activity in culture (Albert BJ et a/, 2007, 2009; Corrionero A et al, 2011). These
inhibitors have yet to be tested on tumor cells known to be carrying any of the spliceosomal
mutations discussed here. It may also be possible to find inhibitors that are specific to the
mutant form of these factors that would restore the normal splicing phenotype. A different
mode of action can also be proposed from observation of the mutational pattern in
spliceosomal genes. Since most of the mutations are heterozygous, it is possible that
homozygous inactivation of spliceosomal genes is lethal. In such a scenario, a spliceosome
inhibitor targeted at the specific factor may be more toxic to the heterozygous mutant cells
than normal cells. For examples, it seems that lenalidomide acts in a such a manner through
selective sensitivity of cells with del(5q).

Conclusions

Genes coding for splicosomal proteins appear to be a frequent targets of somatic mutations
in hematologic malignancies, including MDS, MDS/MPN and AML as well as in CLL. It is
likely that further sequencing of various cancer genomes will reveal additional genes
affected by somatic mutations in leukemia. It is possible that spliceosomal dysfunction
caused by these mutations results in specific misplicing patterns in TSG or in genes
associated with differentiation processes. The recognition sequences for 3’ and 5’ splicing
sites may allow for prediction of target mMRNAS prone to defective splicing by specific
mutations. The clinical relevance of spliceosomal mutations include their prognostic
significance, association with specific morphologic features and potential role as biomarkers
for targeted therapies.
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A. Pre-mRNA splicing is a two step process catalyzed by spliceosomes and specified by
three RNA sequence elements called the 5” splice site, the 3’ splice site and the branch site.
In the first step of the reaction, the 2’ hydroxyl group of the adenosine residue at the branch
site attacks the 5” splice site to form a bi-partite intermediate consisting of the upstream
exon and a lariat molecule containing the downstream exon joined to the intron. In the
second step, the upstream exon attacks the 3’ splice to yield the ligated exons and the

excised intron in lariat form.

B. The splicing pattern of genes can vary due to normal alternative splicing choices or due to
mutations of the cis-acting RNA sequence elements or the trans-acting splicing factors. The
various outcomes of alternative or pathological splicing events are diagramed. In most cases,
misplicing will lead to degradation of the aberrant mRNA either in the nucleus or through

nonsense mediated decay in the cytoplasm.
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Figure 2. Therolesof the various factors mutated in myeloid malignanciesin the assembly and
function of the spliceosome

In the major or U2-dependent spliceosome shown here, the 5’ splice site is recognized by
the U1 snRNA-protein particle (ShRNP) while the branch site is recognized by the U2
snRNP aided by a complex of proteins at the 3’ splice site. The fully bound form of U2
SnRNP also associates with the SF3a and SF3b complexes that contain three factors subject
to mutations as discussed here. In a later step of the spliceosome formation pathway;, a tri-
snRNP complex composed of U4, U5 and U6 snRNPs joins the spliceosome bringing with
them additional factors subject to mutations such as PRPF8. Further rearrangements of the
spliceosome lead to catalysis of the splicing reaction and the production of the spliced
product mRNA and the excised intron.
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Figure 3. Genomic localization of exemplary spliceosomal mutations

Exemplary spliceosomal genes affected by somatic mutations. Selected mutations and their
locations were shown. Not all mutations described for each of the genes is shown.

BrJ Haematol. Author manuscript; available in PMC 2013 July 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Maciejewski and Padgett

Page 13

Inactivating/

Spliceosomal Epignetic regglatory Hvoomornhic
Mutations Gene mutations mﬁationsp
: Epigenetic
Misplicing Hedm;zi'.gous promoter
eletion silencing
TUMOR SUPPRESSOR GENE
HAPLOINSUFFCIENCY

Figure 4. Prooncogenic consequences of spliceosomal mutations

Spliceosomal mutations may lead to misplicing and ultimately decreased expression of
intact TSG resulting in clonal evolution/ selection advantage. Various mechanisms may
directly and indirectly lead to a similar result. Similar indirect effects of spliceosomal

mutations may lead to alteration in other proteins including those involved in differentiation

or other cellular functions.
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Table 1

Spliceosomal mutations
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Genes Mutations  References Diseases

SF3B1 Multiple Visconte et al., Yoshida et al., Papaemmanuil et al., Makishima at al. Rossi at al, RARS, RCMD-RS RARSt, CLL
Quesada at al

U2ZAF1 Multiple Yoshida et al. Graubert at al, Makishima at al MDS, CMML, sAML, AML

SRSF2 Multiple Yoshida et al. Makishima at al MDS, CMML

ZRSR2 Multiple Yoshida et al. Makishima at al MDS, CMML

LUC7L2  Single Makishima at al SAML

PRPF8 Multiple Makishima at al sAML

UZAF2 Multiple Yoshida et al. MDS

SF1 Multiple Yoshida et al. MDS

SAPI130  Single TCGA* AML

SFRS6 Single TCGA* AML

SON Single TCGA* AML

UZAF26  Single TCGA* AML
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Table 2

Distribution of splicosomal mutations among patients with hematologic malignancies.

Disease Estimated mutational frequencies

SF3B1 U2AF1 SRSF2  ZRSR2

CLL 15% NF NF NF

Low risk MDS 20-28% 5-6% 5-8% 1%
RARS/RCMD-RS  65-73%% 1-3% 5-6% 5%

CMML 3-5% 8-15% 27-40% 8%
RAEB1/2,sSAML  2-5% 6-16% 4-6% 6%
AML 2-3% 1-8% 1-3% 1%

Literature: NF not found; Literature CLL (Rossi D et a/, 2011; Quesada V et al, 2012), MDS and AML (Visconte V et a/, 2011; Makishima H et al,
2012; Yoshida K et al, 2011; Graubert TA et al, 2011; Papaemmanuil E ef a/, 2011). CMML (Yoshida K ef a/, 2011, Makishima H et a/, 2012;
Muramatsu H et a/, 2011; Abu Kar S et a/, 2012), ZRSR2 (Yoshida K et al, 2011)
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