Recent advances in MDS mutation landscape: splicing and signalling
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Abstract

Recurrent cytogenetic aberrations, genetic mutations and variable gene expression have been consistently
recognized in solid cancers and in leukaemia, including in Myelodysplastic Syndromes (MDS). Besides
conventional cytogenetics, the growing accessibility of new techniques has led to a deeper analysis of the
molecular significance of genetic variations. Indeed, gene mutations affecting splicing genes, as well as
genes implicated in essential signalling pathways, play a pivotal role in MDS physiology and
pathophysiology, representing potential new molecular targets for innovative therapeutic strategies.

Introduction

New techniques in molecular biology are enhancing our knowledge of the molecular landscape of cancer,
as mutation analysis is able to identify specific gene alterations both at a very early stage and during
disease progression, thus enabling the generation of a molecular map of cancer cells. The Myelodysplastic
Syndromes (MDS) are a heterogeneous group of clonal hematological diseases that can evolve into
particularly aggressive forms of Acute Myeloid Leukemia (AML). MDS patients can have a lower or higher
risk of AML evolution, and the therapeutic approach is now differentially shaped around patients with low-
or high-risk MDS (Platzbecker, 2019). Recurrent cytogenetic aberrations, genetic mutations and variable
expression have been consistently recognized in MDS and implicated in its eventual development and are
noted to be variable with regards to MDS subgroups (Shallis et al., 2018).

Inositides and Cancer

Phosphoinositides are membrane lipids that are implicated in almost all cellular physiological processes,
acting as second messengers for the regulation of cell signalling, cell adhesion, motility, apoptosis,
differentiation and cell cycle (Ratti et al., 2019). Some phosphoinositides can be found only in a specific
organelle, such as the Golgi or the endosomes (Shewan et al., 2011; Wymann and Schneiter, 2008), but
they can also be found within the nucleus, where they are regulated independently and play autonomous
roles (Follo et al., 2012; Mongiorgi et al., 2012; Poli et al., 2017). In fact, these nuclear phosphoinositides
perform the function of cofactors for different nuclear processes, including DNA repair and regulation of
transcription (Ratti et al., 2017).

An imbalance of inositide-dependent signalling pathways, caused by a change in the composition of
phosphoinositides, can lead to diseases and cancer (Blalock et al., 2011; Cocco et al., 2015a; Mongiorgi et
al.,, 2016a). On the other hand, also a change in the inositide localization of several inositide-dependent
kinases, phosphatases and phospholipases can result in an alteration of the normal cell proliferation and
differentiation processes, thus leading to cancer (Follo et al., 2010; Manzoli et al., 2014; Maraldi et al.,
1994; Ramazzotti et al., 2011a).

Phosphoinositide-specific phospholipase C (PI-PLC) enzymes utilize phosphoinositides as a specific
substrates and their metabolism is implicated in a large series of signal transduction pathways. PI-PLC
hydrolyzes phosphatidylinositol-4,5-bisphosphate (PIP2) to produce diacylglycerol (DAG) and inositol-1,4,5-
trisphosphate (IP3) which, in turn, activate protein kinase C (PKC) and induce the release of calcium ions
from intracellular stores, respectively (Poli et al., 2014). Each PI-PLC isozyme shows a unique combination
of X-Y and regulatory domains, so that each enzyme has a proper regulation, function, and tissue



distribution (Cocco et al., 2015b). Given their peculiar roles and their fine regulation, modifications of PI-
PLC isozymes have been associated with several diseases and cancerogenesis (Ramazzotti et al., 2011b). For
instance, PI-PLCy plays a specific key role in cell migration and invasion, while PI-PLCe is specifically linked
to tumor suppression (Martins et al., 2014), mainly in colorectal cancer, where its reduction is associated
with a more aggressive disease (Wang et al., 2012)

Interestingly, PI-PLCB1 plays an essential and important role, as it behaves like a modulator in cancer. In
fact, PI-PLCB1 plays an important role in brain function and myogenic differentiation (Faenza et al., 2003;
Shin et al., 2016; Yang et al., 2016). But it also participates in the differentiation and activation of immune
cells and is associated with hematological malignancies, such as Myelodysplastic Syndromes (MDS) (Finelli
et al., 2016; Lo Vasco et al., 2004; Mongiorgi et al., 2016b; Xiao et al., 2013). Indeed, PI-PLCB1 and other
inositide-specific kinases, such as PKCs or the PI3K/Akt axis, are deregulated in MDS and play essential roles
in the MDS/AML progression and play a relevant role in therapy response (Poli et al., 2018) (Fili et al., 2013)
(Poli A et al. FASEB J 2018; Mongiorgi et al. Exp OpinTher Targets 2016).

Gene Mutations and Cancer

Cancer cells show a great genetic instability and the presence of gene mutations can induce cell
proliferation or decrease apoptosis. Recent studies showed not only that several diseases show specific
gene mutations, but also that the vast majority of these disease-associated founding clones are driven by
somatic mutations, with only 18% of such clones possessing a basal cytogenetic abnormality (Shallis et al.,
2018).

Clonal hematopoiesis (based on the presence of somatic mutation or karyotypic aberrancy), without
evidence of cytopenia or dysplasia, is more incident with increasing age and is noted in up to 10% of
subjects aged 70 years or older (Genovese et al., 2014; Jaiswal et al., 2014; Xie et al., 2014). That is why in
MDS the identification of recurrent somatic mutations has been important to further understand the
disease pathogenesis, with the aim to determine whether they can be driver mutations.

The tumor suppressor TP53 encodes a transcription regulator involved in the regulation of the quiescence
and self-renewal of hematopoietic stem cells (HSCs), through the maintenance of the balance between cell
cycle, differentiation and apoptosis. TP53 gene mutations occur in approximately 8-13% of MDS cases, and
the presence of these mutations is usually linked to a worse prognosis, being associated with a shorter
overall survival and an increased risk of leukemic progression (Haase et al., 2019; Shallis et al., 2018).

Gene Mutations and Myelodysplastic Syndromes: Splicing Factors

Pre-mRNA splicing plays a major role in protein regulation, as it leads to the generation of multiple protein
isoforms from a single pre-mRNA transcript (Figure 1). Most of the human genes undergo splicing through
the activation of the spliceosome, a complex of five small nuclear ribonucleoproteins (snRNPs), U1, U2, U4,
U5 and U6, and several other associated proteins (Armstrong et al., 2018; Pellagatti and Boultwood, 2017).
During the splicing process the formation of the active spliceosome occurs in a number of discrete stages
involving the ordered assembly of distinct factors on the pre-mRNA substrate. Mutations in splicing factor
genes or spliceosome machinery, such as those affecting SF3B1, U2AF1 and SRSF2, constitute the majority



of abnormalities in MDS, with mutations in epigenetic regulators also being frequent, while mutation of
transcription factors, kinase signalling, DNA repair, and cohesin proteins are less commonly observed.

Mutations affecting the genes encoding core spliceosome machinery do not usually result in loss-of-
function phenotypes, but rather in selective splicing changes due to aberrant splice site recognition.
Indeed, mutations in SF3B1, U2AF1 and SRSF2 are considered to be change of function/neomorphic or gain
of function mutations, due to the presence of hotspots and the absence of nonsense or frameshift changes,
but mutations in ZRSR2 are loss-of-function (Papaemmanuil et al., 2011; Yip et al., 2016; Yoshida et al.,,
2011). Splicing mutations have also been associated with genomic instability. This is the case for SRSF2,
whose reduced levels can result in DNA damage and genomic instability through the formation of R loops
(RNA:DNA hybrids) which, in turn, trigger activation of the DDR (Chabot and Shkreta, 2016; Pellagatti et al.,
2018; Xiao et al., 2007).

RNA splicing genes (e.g. SF3B1, SRSF2, U2AF1, ZRSR2) are mutated in several hematological malignancies,
including AML, but are strongly associated with the MDS phenotype, where they can be founder mutations
(Shallis et al., 2018). Indeed, the molecular landscape of MDS has been illuminated by the identification of
specific splicing factor gene mutations, which are typically heterozygous and occur in over half of all de
novo MDS patients, thus being the most common molecular abnormality of this disorder (Mian et al., 2015;
Mian et al., 2013; Papaemmanuil et al., 2011; Pellagatti and Boultwood, 2017; Yoshida et al., 2011). While
splicing factor mutations can be found in isolation (Mian et al., 2013), several studies have shown that
these mutations also show specific associations with other recurrently mutated genes, such as epigenetic
regulators or other oncogenes (Haferlach et al., 2014; Papaemmanuil et al., 2013).

Mutations in the SF3B1 gene, which encodes a key subunit of the spliceosome, were among the first
spliceosomal mutations discovered in MDS and are now recognized as the most common splicing factor
mutation in these patients, occurring in 20%-28% of cases (Malcovati et al., 2011; Papaemmanuil et al.,
2011; Yoshida et al., 2011). SF3B1 mutations are strongly associated with the presence of ring sideroblasts
in the bone marrow (Malcovati et al., 2011) and are predictive of a favorable prognosis in MDS (Malcovati
et al., 2011; Papaemmanuil et al., 2011), while SRSF2 and U2AF1 mutations have been associated with a
higher risk of transformation to AML (Pellagatti and Boultwood, 2017).

Splicing factor mutations have been shown to lead to aberrant 3’ splice site recognition, resulting in
aberrant splicing of many target genes in MDS (Pellagatti et al., 2018; Shiozawa et al., 2018). Recent
functional studies have investigated the impact on hematopoiesis of some of the aberrantly spliced target
genes associated with splicing factor gene mutations. For example splicing aberrations of ABCB7
(associated with SF3B1 mutations), EZH2 (associated with SRSF2 mutations), and STRAP and H2AFY
(associated with U2AF1 mutations), have been linked to some of the hematological abnormalities that are
observed in MDS (Dolatshad et al., 2016; Joshi et al., 2017; Lee et al., 2018; Saez et al., 2017; Yip et al.,,
2017). In a recent study, missplicing of BRD9 (a core component of the non-canonical BAF complex) has
been shown to occur in SF3B1 mutant cancers, including MDS (Inoue et al., 2019). In AML, U2AF1
mutations have been associated with abnormal splicing of several genes known to be mutated in cancer
and in many genes involved in specific cellular pathways, including RNA processing, cell cycle and the DNA
damage response (Przychodzen et al., 2013). Aberrant splicing of IRAK4 in MDS and AML is an example in
which mutant U2AF1 generates an isoform with oncogenic activity (Smith et al., 2019).

Gene Mutations and Myelodysplastic Syndromes: Signalling Pathways



Cellular pathways, including those involved in DNA transcription, signal transduction, and epigenetic
regulation, are strongly controlled by genetic factors (Figure 1). Somatic mutations in many of the genes
vital to these processes have been identified in cancer, includingin MDS, where up to 78%-89% of patients
across various subtypes of MDS show a median of three somatic mutations per patient and are associated
with MDS pathogenesis. These mutations are frequently observed at diagnosis, but they can also be
acquired during disease progression or relapse following therapy (Pellagatti et al., 2018).

Mutations in epigenetic regulators have been identified in cases of MDS with no apparent spliceosome
mutation, implying that this latter is frequent but not mandatory for the development of the phenotype
(Shallis et al., 2018). ASXL1, encoding an epigenetic regulator, was the top ranking mutated gene in a study
of MDS patients that progressed to advanced disease or to AML, with a frequency of 44% in pre-
progression samples and 46% in post-progression samples (Pellagatti et al., 2016). Moreover, co-
occurrence of RUNX1 and ASXL1 mutations was also associated with poor response to hypomethylating
agents and inferior survival (Wu et al., 2019).

Not only ASXL1 mutations were associated with impaired hematopoiesis and can be predictive of a poor
outcome (Mangaonkar et al.,, 2018; Uni et al., 2019), but also TP53 and EZH2 mutations have been
recognized as being unfavorable for survival in MDS (Arbab Jafari et al., 2018; Gangat et al., 2018; Smeets
et al.,, 2018). EZH2 gene is involved in chromatin remodelling and is mutated in approximately 15-25%
MDS, along with mutations in DNA methylation genes (i.e. DNMT3A, TET2, IDH1, IDH2; approximately 30—
40%). No prognostic significance has been ascribed to the TET2 mutations in MDS, but the presence of a
TET2 mutation (specifically in the absence of an ASXL1 mutation) was associated with a better response to
the irreversible DNA methyltransferase inhibitors azacitidine and decitabine (Shallis et al.,, 2018;
Unnikrishnan et al., 2017), while the acquisition of TP53 or NRAS mutations has recently been related to
lenalidomide resistance (da Silva-Coelho et al., 2017; Jadersten et al., 2011). Indeed, several permutations
of RAS (NRAS, KRAS and HRAS) exist and may uncommonly be mutated in MDS.

Splicing factor gene mutations in MDS can also result in activation of NF-kB signaling (Lee et al., 2018; Smith
et al., 2019), which is associated with innate immunity and inflammation, as well as in the dysregulation of
Sirtuin signalling (Pellagatti et al., 2018). Sirtuins are histone deacetylases, some of which reside in the
mitochondria (Carrico et al., 2018), with diverse roles in regulating metabolism, inflammation, genome
stability, and cell proliferation, and have been implicated in aging, cancer and survival (Roth and Chen,
2014; Roth et al., 2013).

Dysregulation of cell growth is a feature of MDS (Heaney and Golde, 1999). Genes regulated by the
transcriptional regulators HNF4A, RICTOR, E2F1, MYC, MYCN, and RB1, all major controllers of cell
growth/cell cycle (Hallstrom et al., 2008; Huang et al., 2011; Jebali and Dumaz, 2018), showed significant
enrichment for aberrantly spliced genes associated with splicing factor gene mutations in MDS (Pellagatti et
al., 2018). Interestingly HNF4A inhibition promotes tumorigenesis in solid cancers (Nakajima et al., 2018).

Normal cellular growth and differentiation are regulated by other important signalling pathways, that can
be mutated in MDS. For instance, mutations leading to abnormal and overactive tyrosine kinase JAK (Janus
kinase)/STAT (signal transducer and activator of transcription proteins) signalling and ensuing myelopoiesis
have been implicated in a small subset of MDS (Shallis et al., 2018), like the mitogen-activated protein
(MAP) and phosphatidylinositol-3 kinase (P13K)/AKT/mTOR pathways.

As for this latter, isoform-specific Akt deregulation is frequently observed in different types of cancer,
especially in hematological malignancies. For instance, AKT3 impairment has been associated with multiple



myeloma (Li and Ma, 2018; Li et al., 2018), and de novo Philadelphia chromosome-positive AML frequently
show mutations of AKT3 and PI3KCD genes (Konoplev et al., 2013). Indeed, the immune and leukocyte-
restricted p110d subunit of PI3K (Okkenhaug, 2013; Okkenhaug and Vanhaesebroeck, 2003), whose gene is
PI3KCD, plays an important role in cell proliferation and has been proposed as a potential target in the
treatment of AML (Billottet et al., 2006; Sujobert et al., 2005; Xie et al., 2017). Moreover, recent studies
showed that PIK3CD germline mutations in B-cells can lead to either gain or loss of function of PI3KJ,
resulting in immune dysregulation (Avery et al., 2018; Compagno et al., 2017).

Recently, the presence of specific three point mutations affecting three important inositide genes (PI3KCD,
AKT3 and PLCG2) was correlated to a negative response to azacitidine and lenalidomide therapy, resulting
in a worse clinical outcome (Follo et al., 2019). In that study, all MDS patients early losing response, as well
as cases never responding, acquired the same 3 point mutations during therapy, affecting respectively
PIK3CD (D133E), AKT3 (D280G) and PLCG2 (Q548R) genes. Interestingly, PI3KCD and AKT3 genes are
actively involved in cell proliferation. That is why the acquisition of these specific point mutations in MDS
not responding to therapy could give a proliferative advantage to mutated cells. On the other hand, as
PLCG2 has been associated with myeloid differentiation, it is also likely that the acquisition of this specific
point mutation in non responder MDS patients could result in an impaired hematopoietic differentiation
and a subsequent stable disease or AML progression. Although this was a preliminary analysis, performed
on a relatively small number of cases, the statistically significant association between this cluster and a
shorter duration of response could pave the way to larger studies.

Conclusions

In MDS, the identification of new molecular markers can be very useful, not only to make a better diagnosis
and patient's risk stratification, but also to predict the effect of the therapy or develop innovative targeted
therapeutic strategies. Moreover, as one of the main concerns in MDS is the progression to AML, some of
these molecular markers could also predict the clinical outcome of MDS patients, and indeed this has been
shown for some mutated genes (Haase et al., 2019).

Up to 90% of MDS patients harbour one or more gene mutations. That is why molecular data are now
increasingly important to characterize MDS patients, and multiple molecular markers that were identified
in the last few years are now becoming more and more important in MDS.

Given the prevalence of RNA splicing gene mutations in MDS and in hematologic malignancies, effective
strategies to therapeutically target spliceosome mutant cells, such as small molecule modulators of the
spliceosome that interfere with the splicing machinery and alter 3’ splice site recognition, are needed.
Moreover, new prognostic panels of specific mutations associated with MDS disease progression,
epigenetic therapy response/resistance or disease predisposition could also be important, as a targeted
approach, based on few mutations, would be not only cost-effective but also rapidly clinically applicable.

Finally, as not only somatic, but also germline mutations play important roles in both cancer pathogenesis
and development, a deeper analysis on germline mutations could be relevant for MDS pathogenesis.
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