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1. Abstract 

Multiple myeloma (MM) is a B cell malignancy characterized by abnormal proliferation of 

plasma cells (PCs) within the bone marrow. MM is characterized by a wide clinical spectrum 

ranging from the presumed asymptomatic pre-malignant condition called monoclonal 

gammopathy of undetermined significance (MGUS), to extra-medullary plasma cell 

leukemia (PCL). Notably, MM is characterized by a deep genomic instability involving ploidy, 

structural rearrangements and a high range of mutations involving both putative oncogenes 

and tumor suppressor genes that may explain its clinical heterogeneity. Half of MM tumors 

are hyperdiploid, associated with non-random trisomies of odd chromosomes and low 

prevalence of chromosomal translocations involving the immunoglobulin heavy chain locus 

(IGH) on chromosome 14q32, whereas the remaining tumors are non hyperdiploid and 

characterized by the prevalence of IGH translocations affecting several oncogenic loci. Such 

a large heterogeneous genomic pattern may represent the basis for the abnormal 

transcriptional expression profile associated with MM. 

Despite the remarkable improvements in treatment and patient care, MM remains an 

incurable disease.  

Over the past years, our and other research groups have provided valuable information on 

coding and non-coding transcripts aberrantly expressed in MM by expression profiling 

analyses based on microarray or RNAseq approaches. These studies have been of high 

relevance to better understand the biology of the disease, to identify of novel prognostic and 

predictive biomarkers and putative therapeutic targets.  

DIS3 (chr.13q22.1 localization) is a conserved exoribonuclease and catalytic subunit of the 

exosome, a protein complex involved in the 3' to 5' degradation and processing of different 

species of RNA. Recently, aberrant expression of DIS3 has been found to be implicated in 

a range of different cancers. Notably, DIS3 is recurrently mutated in multiple myeloma (MM) 

patients. Most of the identified mutations are predominantly missense variants localized 

in the ribonucleolytic domain (RNB), mainly abolishing the exoribonucleolytic activity and 

are often accompanied by loss of heterozygosity (LOH) or biallelic inactivation due to 

13q14 deletion. Furthermore, it has been reported in the literature that the inactivity or 

incorrect activity of DIS3 is also associated with the regulation of non-coding transcripts, as 

well as long non-coding RNA (lncRNA). 

Long non-coding RNAs (lncRNAs) are a large class of non-coding RNAs involved in many 

physiological cellular and genomic processes as well as in carcinogenesis, cancer 

metastasis and invasion. The knowledge of the role of lncRNAs in MM is progressively 
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expanding. Our group provided recent evidence based on microarray and RNA seq 

analyses of deregulated patterns of lncRNA expression in MM showing that they may be 

specifically associated with distinct molecular types of the malignancy.  

In a paper published during the first years of the project, it has been shown that MM patients 

carrying Dis3 gene mutations are associated with a distinct transcriptional signature 

characterized by many non-coding transcripts, mainly lncRNAs. 

Firstly, our interest focused on investigating the deregulation of transcripts (including coding 

and non-coding portion) associated with DIS3 mutations in MM by analyzing RNA-Seq 

transcriptional profiles in a proprietary publicly available dataset and CoMMpass study, 

including approximately 1000 MM patients at diagnosis. We demonstrated that DIS3 

mutations clinical relevance strictly depended on del(13q) co-occurrence. We observed that 

the bi-allelic DIS3 lesions significantly affected PFS (Progression Free Survival) and overall 

survival (OS). As expected, DIS3 mutations affect MM transcriptome involving cellular 

processes and signaling pathways associated with RNA metabolism. We found the 

downregulation of gene sets related to oxidative phosphorylation, RNA or amino acid 

metabolism, translation, and mitotic spindle checkpoint.  

Overall, our comprehensive assessment of the clinical and transcriptional consequences of 

DIS3 mutations or its deletion in MM strongly indicates that they may play an important role 

in the mechanisms of transformation and progression of MM.  

For these reasons, during the last year of my PhD program I focalized the efforts on the 

functional investigation of DIS3 putative role as potential therapeutic target in MM. To this 

aim I took advantage of the experimental silencing strategy based on the use of LNA-

gapmeR technology and the gymnotic delivery of the in-house designed DIS3-specific 

antisense oligonucleotide in multiple myeloma cell lines (HMCLs). 

The results obtained show that DIS3 silencing decreases cell growth, increases the 

percentage of apoptosis, reducing the oncogenic potential of MM cell lines. Indeed, 

interference with DIS3 expression reveals an important perturbation of the cell cycle 

distribution accompanied by mitotic defects.  

I investigated the possibility of translating these results in combination with an available drug 

currently in clinical trial, such as ARRY-520, an inhibitor that interferes with the correct 

organization of microtubules. I found that the effect of DIS3 KD sensitizes MM cell lines in 

combination with ARRY-520, leading to a mitotic catastrophe. 

These results suggest that DIS3 could be an important target for the future therapeutic 

approach in MM disease 
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ncRNA Non-coding RNA  
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NGS Next generation sequencing 
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PROMPT Promoter upstream transcript  

RB1 Retinoblastoma 1 
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VAF Variant allele frequency  

WES Whole-exome sequencing  

WGS Whole-genome sequencing  
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2. Introduction 

2.1. Multiple Myeloma 

Multiple Myeloma (MM) is an incurable hematologic cancer characterized by malignant 

plasma cells (PCs) accumulation in the bone marrow (BM) (1). MM is typically characterized 

by clonal proliferation of PCs in the bone marrow, presence of monoclonal protein in the 

blood or urine, and bone lesions (1). 

It accounts for 13% of all hematological malignancies with incidence in Western countries 

of about 6.3 new cases per 100,000 persons (2).  

Survival of MM has improved significantly in the last 15 years. Recently, the possibility of 

autologous stem-cell transplantation and the availability of active drugs to treat MM in 

addition to those used up to a few years ago, have changed the overall survival (OS) (3,4). 

Anyway, despite recent remarkable improvements in the treatment of the disease and the 

advances in drugs discovery, MM still remains an incurable disease with a median OS of 10 

years (4). 

 

2.1.1. Multiple Myeloma: overview on the biology  

MM is a hematologic neoplasm of B lymphocytes residing in the terminally differentiated 

bone marrow known as PCs that produce antigen-specific immunoglobulins detected in the 

blood. PCs residing in the bone marrow include a distinct population of long-lived plasma 

cells (LLPCs) that can live for very long periods of time (5). 

The myeloma cell is a post-germinal center plasma cell which has undergone 

immunoglobulin (Ig) gene recombination, class switching and somatic hypermutation (6). 

MM is a multi-stage process beginning from a premalignant stage termed monoclonal 

gammopathy of undetermined significance (MGUS) (7,8). MGUS is characterized by 

minimum plasmacytosis in the bone marrow and the presence of serum monoclonal protein 

(M-protein or paraprotein) without any other observed impairment.  

MGUS does not necessarily develop into MM, further progression of MGUS into the active 

MM occurs with a rate of ~1% per year (9).  

MM is preceded by an intermediate stage referred to as smoldering multiple myeloma 

(SMM) which can progress in time-dependent manner.  

MGUS and SMM are usually asymptomatic stages characterized by different levels of M-

protein presence and different ratios of clonal plasma cells in bone marrow. The progression 

curve from SMM to symptomatic MM is about 10% risk per year for the first 5 years following 
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diagnosis, 3% risk per year for the following 5 years, and a subsequent 1% risk per year 

(10) (Figure 1).  

 

 

Figure 1. MM development and their characteristics.  MM starts from the asymptomatic MGUS to active 

MM (11). 

 

 

In addition, MM patients could develop a more aggressive clinical condition known as 

plasma cell leukemia (PCL) that can be divided in primary PCL (PCL) and secondary PCL 

(sPCL) associated to late or advanced stage of MM.  

PCL is characterized by peripheral blood plasmacytosis, with splenomegaly and 

hepatomegaly related to the accumulation of plasma cells in these organs accompanied by 

severe anemia and thrombocytopenia; the prognosis of PCL is poor and worse than that of 

high-risk multiple myeloma witch include old age, poor performance status and 

comorbidities, plus presence of two or more adverse cytogenetic characteristics (12).     

MM development follows the rules of branched evolution. In branched evolution, the 

subclonal architecture of the tumor is shaped by clonal competition for the limited resources 

of the microenvironment. Some of the subclones are subject to positive selection and further 

expansion, while other poorly adapted subclones are eliminated from the tumor cell pool.  

In this way, genetic heterogeneity in branched evolution undergoes constant fluctuations; 

independent subclones often undergo parallel evolution by acquiring mutations in the same 

pilot genes that produce equivalent phenotypes.  
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Recent advances in studies of MM and its precursors have centered the pattern of dotted 

evolution as best characterizing the early stages of MM development. For example, 

significant heterogeneity is present before disease manifestation in the MGUS and SMM 

stages while further progression from MGUS/SMM to MM is characterized by clonal stability 

in some tumors (13–15). 

In recent years, the use of next generation sequencing technologies (NGS) provided a large 

amount of genomic data that are of fundamental importance for diagnosis, the most 

appropriate therapeutic choices, the evaluation of drug response and understanding of the 

evolution of the disease (16–18).  

Whole-exome (WES) or whole-genome (WGS) sequencing of MM genomes allows for the 

detection of point mutations, insertions or deletions, and structural variations.  

Of fundamental importance is the presence of many NGS data available by the CoMMpass 

study (19), designed to provide as much information as possible about myeloma, studying 

more than a 1000 patients during the course of their myeloma, starting with the new 

diagnosis and collecting all their data. 

 

2.1.2. Complexity of Multiple Myeloma genetics 

MM is characterized by a profound genomic instability that involves chromosomal gains or 

losses, structural variation and known driver genes mutation (16).  

For these reasons, could be considered a collection of condition that drives the complex 

genomic landscape of MM; cells with genomic instability have an increased probability of 

genome alterations during cell division (20,21).   

MM can be divided into hyperdiploid and non-hyperdiploid subtypes, in fact total 

chromosome number in myeloma cells raging between 38 and 92 (22).  

Hyperdiploid patients show trisomies of chromosomes 9, 15, 19, 5, 3, 11, 7, or 21 (in order 

of occurrence), and co-occurrence of up to five trisomies in the same karyotype.  

Non-hyperdploid is mainly composed of cases harboring IgH translocations, generally 

associated with more aggressive clinical features and shorter survival. The main IgH 

translocations in myeloma are t(11;14)(q13;q32), t(4;14)(p16;q32),  t(14;16)(q32;q23) and 

t(14;20)(q32;q11) (1).  

In detail, t(4;14)(p16;q32) witch take place in 13-15% of patients leads to the upregulation 

of fibroblast growth factor receptor 3 (FGFR3) and the myeloma SET domain (MMSET) 

proteins. MMSET can be responsible for epigenetic and DNA repair alterations, whereas 
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the role of FGFR3 is not clear because in 30% of patients it is not expressed upon 

translocation.  

Translocations t(11;14)(q13;q32) result in dysregulated expression of the cyclin D1 

(CCND1) gene and occurs in approximately 17% of myeloma cases with the consequent 

cell cycle overactivation.  

Other chromosomal rearrangements highlighted in the 5-10% of cases are 

t(14;16)(q32;q23) and t(14;20)(q32;q11). These events force the expression of MAF family 

oncogenes, which are related to myeloma cell proliferation through cyclin D2 expression 

and augmented adhesion to bone marrow stromal cells. MM patients carrying the t(14;16) 

and t(4;14) translocations are associated with worst outcome compared to the others 

translocations (23).  

Another indicator of poor prognosis is the overexpression of MYC protein as a consequence 

of t(8;14); because MYC is a master transcription factor gene in B-cells its dysregulation is 

reflected by alterations in a large pool of downstream effectors involved in cellular events 

such as metabolism and proliferation (23).   

Other different genetic progression factors have been identified in MM, including 

chromosome 13 and 17 deletions, chromosome 1 abnormalities (1p deletion and 1q 

amplification); considered adverse risk factors and indicative of high-risk MM (24,25).  

About 50% of MM cases show deletions of chromosome 13 (del13q), with the 

downregulation of the tumor suppressor gene Rb1.  

Another important gene involved in the progression of MM is located on chromosome 13: 

DIS3 encodes the highly conserved RNA exonuclease, which is the catalytic part of the 

exosome complex, involved in the regulation of the degradation and abundance of all RNA. 

Less frequent chromosomal loss is on chromosome 17p, where the TP53 gene is located. 

In this case, the expression of TP53 in patients is reduced and which is related, together 

with MYC translocations in late pathology, to refractory disease and negative outcomes. 

Also tumor suppressor genes are recurrently mutated in many diagnosed cases, leading to 

deep alterations in downstream pathways.  

Some examples of altered signaling systems are the RAS/MAPK pathway, mutated in above 

40% of patients with alterations on NRAS, KRAS and BRAF.  

Other examples of altered genes are TP53, FAM46C, DIS3, HIST1H1E, IRF4, and MAX. 

Among the mutation present in MM patients, mutations identified in DIS3 thus far lead to 

loss of function (26).  
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Further evidence for translational control in the pathogenesis of MM comes from the 

mutation of FAM46C. The expression of FAM46C is highly correlated with the expression of 

ribosomal proteins; however, its exact function remains unclear (27).  

Other genetic abnormalities involve epigenetic dysregulation, such as alteration of lncRNA 

and microRNA expression and modifications of gene methylation. 

As described, MM exhibits an extremely complex pattern of genetic alterations (Figure 2). 

This complexity is related to disease progression and prognosis and patient characterization 

is important in defining the best and most effective therapeutic approach. 

 

 

 

 

Figure 2. The genomic complexity in multiple myeloma. In the Circos plot translocations, copy number 

abnormalities and mutations in myeloma are reported. The chromosomes are arranged around the circle. IGH 

translocations are shown as lines emerging from chromosome 14 to the partner chromosomes. Copy number 

data are reported inside of the circle, showing deletions (red) and gains (blue) as well as normal copy number 

(black). Genes targeted by deletions and/or mutations are labelled outside the circle and colored according to 

the abnormality (28).  
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2.2. DIS3: a fundamental component of the exosome complex 

The multi-subunit RNA exosome complex is composed of eleven structural and catalytic 

subunits and can be divided in two parts: the cap located above the exosome core and DIS3, 

a fundamental ribonuclease protein of the exosome complex.  

DIS3 is a highly conserved ribonuclease which serves as the catalytic component of the 

exosome complex involved in processing, quality control and degradation of all RNA species 

in Eukaryote (29).   

Dis3 gene map on chromosome 13q22.1 and it is composed by 22 exons; it is involved in 

the regulation of cell cycle progression and mRNA surveillance. 

 

2.2.1. The exosome structure  

RNA exosome is a ubiquitously expressed 3 ′ → 5 ′ endo-exoribonuclease in eukaryotic cells 

that must collaborate with multiple cofactors to process all classes of RNA, including 

regulation of RNA abundance, elimination of dysfunctional RNA or misfolded and the 

processing of precursor RNAs to their mature form. 

The eukaryotic exosome can be divided into two main groups based on their structural and 

functional contributions. 

The first group includes nine proteins that form the exosomal nucleus; they are all rather 

small proteins with molecular masses of 20-50 kDa. Three of these are constructed entirely 

from RNA binding domains and motifs, while the remaining six are single domain proteins 

homologous to RNase PH.  

The second group of components of the exosome includes the proteins DIS3 and Rrp6, 

which bind to the nucleus in different combinations giving rise to the isoforms of the complex. 

DIS3 and Rrp6 are both large multidomain polypeptides with molecular masses around 100 

kDa, they are quite different from each other and carry out all the catalytic activity of a typical 

eukaryotic exosome; the schematic structure of the eukaryotic RNA exosome is shown in 

Figure 3 (29,30). 
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Figure 3. RNA exosome structures. Side view of the eukaryotic RNA exosome with the hexamer in blue, Rrp6 in red and 

the cap complex in green. the associated ribonucleolytic subunits in purple (DIS3) and RNA in black (31).  

The structure of the global architecture of the exosome nucleus is well established, thanks 

to the crystalline structure obtained for the Homo sapiens complex (29). Its nine subunits 

are arranged in a two-layered ring, the lower layer is formed by six subunits homologous to 

the bacterial RNase PH: Rrp41, Rrp42, Rrp43, Rrp45, Rrp46 and Mtr3 and referred to as 

'hexamer', while the upper layer is consisting of the three RNA binding subunits, Rrp4, Rrp40 

and Csl4, and is called 'cap'. The cap subunits do not form contact with each other but 

instead each is firmly attached to two subunits of the hexamer (29). The central channel 

running through the ring is large enough to contain the single-stranded RNA (ssRNA) that 

will be processed.  

The architecture of the exosome core is ancient and perhaps even precedes the exosome 

itself as two complexes of prokaryotic origin have exactly the same domain composition and 

spatial arrangement. One is the exosome found in most Archaea, sometimes called the 

"exosome-like complex" and the other is the polynucleotide phosphorylase (PNPase) found 

in eubacteria as well as in the mitochondria of plants and vertebrates. RNA exosome is 

present in all eukaryotic cells; however, today it has been studied more thoroughly in 

budding yeast and thus the yeast nomenclature has been indicated for eukaryotic RNA 

exosomes where RrpX stands for "Ribosomal RNA processing protein X" (32) 

2.2.2. The exosome ribonucleases: DIS3 and Rrp6  

DIS3 protein is homologous to RNase II and RNase R of E. coli, which makes them members 

of the ribonucleotide reductase (RNR) superfamily (29).  

The RNR homology region of DIS3 proteins has the typical domain layout: two cold-shock 

domains (CSDs), a ribonucleoprotein domain (RNB) and an S1 domain.  
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CSD and S1 are region that non-specifically bind RNA, while RNB is a catalytic domain with 

processive exoribonuclease activity. In the N-terminal region, on the other hand, there is a 

Cys residue 3 (CR3) motif and a PIN domain (33), of which the CR3 motif is named for its 

three conserved cysteine residues.  

The PIN active site consists of four acidic amino acid residues but, unlike in RNB, they are 

dispersed throughout the otherwise weakly conserved sequence of the domain (29,34). 

Although details are not clear, the motif also plays a role in the core-DIS3 interaction and is 

required for some of the cellular functions of the exosome (30).  

DIS3 is an endoribonuclease and a 3’–5’ exoribonuclease. The enzyme is not able to cleave 

double-strand RNA (dsRNA) but only circular and linear ssRNA are eligible substrates; 

preferring substrates with phosphorylated 5’ termini (34). The exonuclease activity of DIS3 

depends on four conserved aspartate residues localized in the PIN domain that coordinate 

two magnesium cations to hydrolytically cleave the RNA backbone; mutation of any one of 

these residues completely abolishes its activity (31). The active site is in the RNB domain, 

deep in the bottom of a narrow channel and can only be reached by ssRNA not exceeding 

7 nucleotides (nt) in length (35). DIS3 exonucleases are highly processive, attack from 3’ 

ends of the ssRNA and once bound they degrade substrate completely, releasing 

nucleoside 5’-monophosphates (36).  

 

The human genome encodes three DIS3 homologs, of which only hDIS3 and hDIS3L are 

associated with the exosome. Both have processive 3'-5' hydrolytic exonuclease activities, 

while only hDIS3 maintained in addition to the exonuclease activity also the endonuclease 

one in its PIN domain. 

In vivo localization studies and analyses of substrate specificities revealed that hDIS3L is 

restricted to the cytoplasmic exosome, whereas hDIS3 is mainly a nucleoplasm protein, with 

a small fraction present in the cytoplasm (36,37). 

The third human homolog of DIS3, hDIS3L2, does not interact with the exosome nucleus, 

due to the lack of the PIN domain and has been shown to be responsible for an alternative 

pathway of 3'-5' RNA decay in the cytoplasm (38). An important role of hDIS3L2 in 

maintaining proper cellular metabolism is supported by the fact that mutations in this gene 

have been associated with the Perlman syndrome of overgrowth and predisposition to Wilms 

tumor development (39,40) 
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Rrp6 proteins belong to the superfamily of nucleases, which includes enzymes with various 

functions, e.g. oligoribonuclease and proofreading domains of DNA polymerases (41,42). 

Rrp6 proteins are 3’–5’ exoribonucleases that cleave RNA hydrolytically and release 

nucleoside 5’-monophosphates (41). The enzymatic activity derives from the active site 

which is exposed to the solvent and consists of four conserved amino acid residues that 

coordinate two magnesium cations. The mode of action is selectivity for ssRNA and should 

preclude digestion of structured substrates; however, Rrp6 proteins can break down 

structured substrates containing a single stranded region upstream of the structure.  

The mechanistic background of its activity is not yet fully known (42–44). 

 

2.2.3. RNA exosome functions 

Exosome plays an essential role in most RNA metabolic pathways, acting in both the 

nucleus and the cytoplasm (Figure 4) (29,45), processing numerous non-coding RNAs 

(ncRNAs) in the nucleus and degrading many defective processed RNAs improperly in 

nuclear and cytoplasmic surveillance pathways (46,47).  

In particular, the RNA exosome processes rRNA, snRNA and snoRNA and degrades 

unstable ncRNAs, including unstable cryptic transcripts (CUT), in budding yeast has been 

shown an involvement in PROMPT processing and site associated antisense RNAs (TSS -

RNA) (48,49). 

Finally, the RNA exosome degrades aberrant, improperly processed RNAs, including pre-

mRNAs and hypomodified tRNA (49).  

Furthermore, exosome plays a crucial role in RNA quality control, demonstrated by its 

activity in the degradation of unwanted molecules in the nucleus and cytoplasm, including 

incorrectly processed pre-mRNA, rRNA and tRNA, as well as translationally incompetent 

mRNA.  

In current models, RNA exosome specificity for distinct RNA substrates is conferred by 

several exosome cofactors that target the exosome to specific RNAs for 

processing/degradation (45,47,50–52). 
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Figure 4. Map of the exosome's cellular functions and cofactors. DIS3 acts mainly in the nucleus but also in 

cytoplasm, interacting with different cofactors (29). 

 

 

2.2.4. Mutations in DIS3 gene are linked to MM disease 

Recurrent somatic mutations in DIS3 have been linked to multiple myeloma disease. 

Genome-wide targeted sequencing of multiple myeloma patients, performed by multiple 

studies, revealed approximately 11% of individuals with heterozygous DIS3 mutations (53). 

In most cases, myeloma cells display the monoallelic deletion of the chromosome 13q and 

a DIS3 missense mutation on the remaining allele. These cells carrying DIS3 mutations are 

specifically non-hyperdiploid and can harbor chromosomal translocations (14,53,54). DIS3 

is currently the only subunit of the RNA exosome complex found to be associated with 

cancer. The variants identified are predominantly missense mutations located in the RNB 

domain of the exoribonuclease and are often detected at low allelic frequency (55). Notably, 

hotspot amino acid substitutions in DIS3 occur at residues D488 and R780 in the RNB 

domain, most frequently DIS3-D488N and DIS3-R780K. Many of the frequently altered 

residues in the disease are spatially close within the RNB and PIN domains and are 

concentrated around the RNB D487 and PIN D146 catalytic residues (Figure 5). The 

numerous amino acid changes identified in DIS3 in individuals with multiple myeloma are 

therefore expected to impair the catalytic activity of DIS3 and the degradation of RNA by the 

RNA exosome. 
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Figure 5. Amino acid substitutions identified in the DIS3 catalytic subunit in individuals with multiple myeloma. 

Domain structure of human DIS3 protein highlighting the amino acid changes identified in individuals with multiple 

myeloma. The amino acid substitutions are shown in the domains of DIS3 in which they are located. Most of DIS3 mutations 

in individuals with multiple myeloma are in the RNB domain (purple) and PIN domain (pink), but additional amino acids 

altered in disease are in other domains such as CR3 (gray), CSD1 (green), and CSD2 (brown). A graph shows the number 

of individuals with multiple myeloma that have been identified with each DIS3 variant. The color code of the amino acid 

substitutions indicates the number of affected individuals with each DIS3 variant: 1 (black), 2 (blue), 3 (green), 4 (orange), 

5+ (red) (32).  

An yeast-based study addressed the functional consequences of some of the DIS3 amino 

acid changes associated with multiple myeloma (56). In particular, the exonucleolytic activity 

of the common variant DIS3-R780K is almost completely compromised, while variants DIS3-

S477R and DIS3-G766R variant show functional alterations that have a milder impact in 

exonucleolytic activity. Furthermore, yeast cells expressing the DIS3-R847K variant exhibit 

impaired growth and aberrant accumulation of exosomal substrates (56). Finally, human 

HEK293 cells expressing the DIS3-R780K variant and silenced for DIS3 show slower growth 

rate and also in this case accumulation of exosomal substrates, e.g. PROMPT and rRNA 

precursors (56). Moreover, reported data strongly support the idea that impairment of DIS3 

function causes mitotic cell cycle defects and impairs cell growth in yeast, drosophila, and 

human cells (56–60). 

To date, the literature has attempted to explain how DIS3 mutations lead to proliferation in 

multiple myeloma. One possibility is that inactivating mutations in DIS3 may disrupt proper 

kinetochore formation, potentially through effects on heterochromatin, leading to defects in 

sister chromatid separation and aneuploidy, as observed for the dis3-54 RNB mutant in S. 

pombe (60). A second possibility is that inactivating mutations in DIS3 may work 
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synergistically with mutations in other genes in myeloma cells to enhance cell proliferation. 

A third possibility is that inactivating mutations in DIS3 could increase non-coding regulatory 

RNA levels in myeloma cells, leading to enhanced genomic instability and increased 

proliferation (56). Indeed, the RNA exosome regulates xTSS-RNA (transcription start site 

associated antisense transcripts that can be 500 base pairs in length), xTSS-RNA levels 

that target the DNA mutating protein AID (activation-induced cytidine deaminase) at 

immunoglobulin (Ig) heavy chain (Igh) loci for recombination class change and Ig variable 

regions for somatic hypermutation in B cells (61). Since impaired RNA exosome function 

elevates xTSS-RNAs and increases RNA-DNA hybrids at Igh loci, the reduction in DIS3 

activity could also increase double-strand breaks and translocations, leading to increased 

proliferation (61). 

2.3. Multiple Myeloma Treatment  

Today it is increasingly necessary to develop the best clinical approach considering the initial 

condition of the patient and his genetic characteristics.  

In the case of MGUS and SMM, patients are typically closely monitored over time with 

recurrent assessments of the clinical status. 

Diagnosis of MM requires the presence of one or more myeloma-causing events (MDE) in 

addition to evidence of 10% or more of clonal plasma cells on bone marrow examination or 

a biopsy-tested plasmacytoma. MDE consists of established CRAB features (hypercalcemia 

(C), renal failure (R), anemia (A), and lytic bone lesions (B)) and three specific biomarkers: 

bone marrow clonal plasma cells of 60%, serum free light chain (FLC) ratio of 100 or greater 

(a provided that the level of FLC involved is ≥100 mg / L) and more than one focal lesion on 

magnetic resonance imaging (MRI) (62). 

The primary goal of treatment for patients with multiple myeloma is to increase survival and 

quality of life by reducing disease-related complications through long-term tumor 

suppression.  

The most significant advances in multiple myeloma therapy have been the introduction of 

proteasome inhibitors (bortezomib, ixazomib and carfilzomib), immunomodulatory agents 

(thalidomide, lenalidomide and pomalidomide), monoclonal antibodies directed against 

myeloma cell surface antigens (daratumumab, isatuzumab and elotuzumab) and autologous 

hematopoietic stem cell transplantation (if eligible) (63). 

Therapeutic strategies should include the use of induction regimens associated with high 

complete response rates, followed by maintenance treatment. This approach consists of 
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maximal tumor shrinkage achieved with continuous treatment, which is essential to delay 

tumor regrowth. The level of response, and in particular the achievement of a complete 

response, is associated with a better long-term outcome. A complete response is defined 

as the elimination of disease detectable on routine testing (64,65). 

More rigorous criteria, such as quantification of free immunoglobulin light chains in serum, 

quantification of bone marrow myeloma cells on multiparameter flow cytometry, and 

identification of residual tumor cells on polymerase chain reaction assay, were explored to 

define minimal residual disease, which is one of the most important independent prognostic 

factors for survival (66,67).  

Younger patients who have a complete response after autologous transplantation have a 

prolonged OS and PFS.  

Recent therapeutic trends favor the adaptation of treatment for a specific patient based on 

that patient's risk factors. Although such risk-adjusted strategies have not been 

prospectively validated, some investigators have recommended the use of bortezomib-

containing regimens for high-risk diseases and regimens containing lenalidomide or 

thalidomide for standard-risk diseases. These recommendations are based on the evidence 

that patients with t(4; 14) translocation who received combination therapy with lenalidomide 

and dexamethasone had shorter OS than those without t(4; 14) (68).  

Conversely, induction of bortezomib improved survival for patients with t(4; 14) but not for 

those with 17p13 deletion (68). 

To date, MM remains incurable: most patients develop drug resistance and relapse after 

treatment.  

However, there is still a lack of effective therapies targeting the deregulated biological 

processes specifically associated with the disease; for these reasons, the discovery of new 

cellular targets and new therapeutic options are an urgent need and one of the objectives 

of the research. 

 

2.3.1. ARRY-520 (Filanesib): Kinesin spindle protein inhibitor 

Eg5, also known as kinesin spindle protein or Kif11 is a member of the kinesin superfamily 

of motor proteins (69).  

Eg5 is a spindle microtubule associated protein with direct motor activity  (70)  whose spindle 

association depends on Cdk1 phosphorylation of its C-terminus (71).  

In addition to the functions related to the motor activity of the microtubule, Eg5 includes the 

transport of secretory proteins from the Golgi complex to the cell surface in non-mitotic cells, 
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as well as the improvement of translation by acting as a link between ribosomes and 

microtubules (72,73).  

During the transition from G2 to M phase of the cell cycle, Eg5 allows two microtubules to 

slide over each other, a necessary activity for the establishment of a bipolar spindle (70,74). 

The lack of Eg5 activity leads to the failure of the separation of duplicated centrosomes and 

the construction of a monoastral spindle leading to mitotic block (Figure 6) (75). 

 

 

 

Figure 6. Representation of antiparallel microtubule sliding by Eg5. At each end of the Eg5 tetramer interact with 

microtubules moving towards the + ends of microtubules. The central helical bundle (BASS domain) formed by two 

antiparallel alpha helical coiled-coils is responsible for the tetramerization of Eg5 (75). 

 

Eg5 is expressed in CD34 ± cells, testis, heart muscle cells and some other normally 

proliferating human tissues; however, it is important to underline that the level of expression 

is significantly lower than that of malignant tissues.  

Eg5 overexpression leads to significant genome instability in mouse models and 

carcinogenesis.  

The studies evaluated Eg5 expression and its correlation with clinicopathological features 

in various malignant tumors. For example, the activation of Eg5 expression contributes to 

the onset of B-cell leukemia and other solid tumors, its overexpression is linked to a poor 

prognosis (76,77).  

However, it is unclear whether Eg5 overexpression reflects a higher proliferation rate of a 

cell population or a true excess of protein in the cell population (75). 

For these reasons, Eg5 is a valid target for the development of inhibitors for antimitotic drug 

therapy.  
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In recent years, ARRY-520 has demonstrated clinical efficacy in patients with multiple 

myeloma and could enter Phase III clinical trials (78,79); in particular for patients diagnosed 

with refractory/relapsed multiple myeloma (80).  

In acute myeloid leukemia patients (AML), ARRY-520 as a single agent achieved only a 

partial response in 1 of 34 patients and no significant clinical responses were observed with 

patients with solid tumors.  

Contrary, in MM ARRY-520 as a single agent showed an overall response rate of 16% and 

15% when the anti-inflammatory dexamethasone was added at low doses in patients with 

heavily pretreated multiple myeloma (78,81).  

An even greater result, in terms of OS, was obtained when ARRY-520 was used in 

combination with dexamethasone and proteasome inhibitors such as bortezomib and 

carfilzomib (82,83). 
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3. Aim of the study 
 

Multiple Myeloma (MM) is a still uncurable malignant hematological disease characterized 

by clonal expansion of malignant plasma cells (PCs) in the bone marrow (BM) and 

heterogeneous genomic landscape (1,84).  

DIS3 is a conserved exoribonuclease and catalytic subunit of the exosome, a protein 

complex involved in the 3' to 5' degradation and processing of both nuclear and cytoplasmic 

RNA species. Most striking is the finding that DIS3 is recurrently mutated in multiple 

myeloma (MM) patients. 

Somatic variants are predominantly missense variants localized in the RNB domain 

mainly abolish the exoribonucleolytic activity (53,55), and are often accompanied by loss 

of heterozygosity (LOH) or biallelic inactivation due to 13q14 deletion (54,85). Much work 

has been done to elucidate the structural and biochemical characteristics of DIS3, including 

the mechanistic details of its role as an effector of RNA degradation.  

Unfortunately, the role of DIS3mts (DIS3 mutations) in the pathobiology of MM remains 

largely unknown. 

Starting from this evidence, the first part of this thesis is focalized to understand the clinical 

impact of DIS3 mutations in MM patients. 

To do this, we leveraged the large public CoMMpass dataset to study DIS3mts in MM and 

their impact on transcriptional signature and clinical outcome. The clinical relevance of 

DIS3mts is strictly dependent on the co-occurrence of del(13q) and for this reason we have 

studied not only the mutation but also the effect of the biallelic condition in terms of PFS and 

OS.  

The second part of this thesis is focused on the molecular and functional characterization of 

DIS3 in MM; to date there are no data in the literature regarding DIS3 KD in MM.  

To determine if DIS3 silencing could have a biological impact on HMCLs, we thought of 

silencing DIS3 using LNA-gapmeR ASO technology by gymnosis.  

Furthermore, we investigated the transcriptional profile associated with DIS3 KD in NCI-

H929 cells. It has already been reported, at least in the yeast and Drosophila models, that 

the RNase activity of DIS3 is required for proper mitotic cell division and correct 

chromosomal condensation; for this reason, we analyzed by immunofluorescence the 

morphological changes in the spindle organization of DIS3 silenced cells. 

At the and we try to combine the silencing of DIS3 in association with ARRy-520 that act on 

spindle organization, in order to evaluate if DIS3 KD could enhance the efficacy of spindle 

inhibitor.  
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4. Materials and Methods 

4.1. Computational Task  

4.1.1. Multi-Omics Data in CoMMpass Study 

Non-synonymous (NS) somatic mutation variants and counts data were derived in 930 

BM_1 MM samples from whole exome sequencing (WES) analyses 

(MMRF_CoMMpass_IA12a_All_Canonical_NS_Variants,MMRF_CoMMpass_IA12a_All_C

anoni cal_NS_Variants_ENSG_Mutation_Counts). Main IgH translocations were inferred 

from RNA-sequencing (RNA-seq) spike expression estimates of known target genes and 

were available in 724 common MM cases that were analyzed by RNA-seq 

(MMRF_CoMMpass_IA12a_RNAseq_Canonical_Ig_Translocations). Copy number 

alteration (CNA) data were obtained by means of Next generation Sequencing (NGS)-based 

fluorescence in situ hybridization (FISH) analyses 

(MMRF_CoMMpass_IA12a_CNA_Exome_FISH_CN_All_Specimens) in 847 common MM 

cases. The presence of a specific CNA was considered when occurring in at least one of 

the investigated cytoband at a 20 percent cut-off for each considered chromosomal 

aberration. Transcript per Million (TPM) reads values were obtained by Salmon gene 

expression quantification 

(MMRF_CoMMpass_IA12a_E74GTF_Salmon_V7.2_Filtered_Gene_TPM) for 655 MM 

patients for which DIS3 RNA mutation frequency was accessible. Clinical data regarding 

Overall Survival (OS) and Progression free Survival (PFS), International Staging System 

(ISS) and treatment classes were available for the entire cohort of 930 MM cases profiled 

for DIS3 mutation occurrence (CoMMpass_IA12a_FlatFiles). Four main groups of therapy 

were identified as first line of treatment, i.e. combined bortezomib/IMIDs-based, bortezomib-

based, IMIDs-based, or therapy based on carfilzomib (i.e. combined IMIDs/carfilzomib-

based, combined bortezomib/IMIDs/carfilzomib-based, or carfilzomib-based).  

 

4.1.2. Statistical and survival analyses 

Kaplan-Meier analysis was applied on OS and PFS data in differently characterized MM 

patients cohorts. Log-Rank test p-value was calculated to measure the global and pairwise 

difference between survival curves, Benjamini-Hochberg (BH) correction was applied in 

pairwise comparisons. The number of samples at risk in each group across time was 

calculated. Cox proportional hazards model was applied as univariate analysis on single 

molecular variables and International Staging System (ISS) groups in relation to OS and 
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PFS data, in 630 MM cases for which all information were accessible. Cox regression 

multivariate analysis was applied on all significant features after BH correction. Forest plot 

was used to summarize Cox Proportional Hazard Models.  

 

4.1.3. Differential expression analysis on CoMMpass MM cohort 

Global dataset of 655 MM cases was stratified on the base of DIS3 RNA frequency mutation 

and 56 DIS3 mutated cases with at least 20% RNA mutational load were considered in 

differential expression analysis. Principal Component Analysis (PCA) was applied on 

differentially expressed (DE) annotated transcripts by means of prcomp function in R. 

Volcano plot was used in R to represent significantly up- or down-regulated transcripts. The 

heatmap of the expression levels of the top 100 DE annotated transcripts, according to 

limma B statistics value, was obtained by means of dChip software. 

 

4.1.4. Functional enrichment analysis on DE protein coding genes 

Global DE protein coding gene list (3464 genes) and 490 DE protein coding genes common 

to at least one molecular subgroup or in all comparisons were ranked based on fold change 

value and analyzed by Gene Set Enrichment Analysis (GSEA), respectively. Cluster Profiler 

analysis was performed in R environment on DE global protein coding gene list and the top 

100 (BH adjusted pvalue) GSEA gene sets, based on Gene-Ontology (GO) Biological 

Process (BP) terms, were represented by the Enrichment map. In the GSEA analyses, gene 

set dimensions were set to 15-500 genes using Hallmark, KEGG, Reactome and C2-Gene 

Perturbations collections (version 7.1). The last ones were filtered according to "Multiple 

Myeloma" involvement. Significant gene sets were selected on nominal p-value.  

 

4.1.5. LncRNAs expression validation  

We investigated lncRNAs expression in a proprietary dataset that includes 43 MM patients. 

All the samples were characterized for the presence of DIS3 mutations as previously 

described and for the main chromosomal aberrations. CD138+ cells were isolated from the 

BM aspirates by Ficoll-Hypaque (Lonza Group, Basel, Switzerland) density gradient 

sedimentation, followed by antibody-mediated positive selection using anti-CD138 magnetic 

activated cell separation microbeads (Miltenyi Biotech, Gladbach, Germany). RNA 

extraction, cDNA and qRT-PCR were developed as described in paragraph 4.2.7. To 

determine RNA levels by qPCR, the following primers were used:  

 



 

 

- 25 - 

Primer Name Sequence (5’-3’) 

GAPDH FW 5' - ACAGTCAGCCGCATCTTCTT - 3' 

GAPDH RW 5' - AATGAAGGGGTCATTGATGG - 3' 

AC093510.1 FW 5'- CAAGGTCTGCGAAAATTGGC - 3' 

AC093510.1 RW 5' - AATCACGGCCTCCAAGAAAT - 3' 

AC015982.2 FW 5' - AAGAACGTGGAGCCCTTTCT - 3' 

AC015982.2 RW 5' - GTGCTTTACAATCGCCAGCT - 3' 

AC099778.1 FW 5' - CGTATTGTCAAGAGCCGTGG - 3' 

AC099778.1 RW 5' - CCAGTCTCCGGTCAGTGATT - 3' 

AL138976.2 FW 5' - TTGTGAGTACCAGGGTTCCC - 3' 

AL138976.2 RW 5' - GGCCTCTCACCTCAGACTAG - 3' 

 

 

4.2. Functional Biology Task 

4.2.1. MM cell lines 

Human cell lines NCI-H929 were purchased from DSMZ, which certified authentication 

performed by short tandem repeat DNA typing. AMO-1 were kindly provided by Dr. C. 

Driessen (University of Tubingen, Germany). All these cell lines were immediately frozen 

and used from the original stock within 6 months. Human myeloma cell lines were cultured 

in RPMI-1640 medium (Gibco®, Life Technologies, Carlsbad, CA, USA) supplemented with 

10% fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin (Gibco®) at 37°C 

in 5% CO2 atmosphere and tested for mycoplasma contamination.  

 

4.2.2. Primary Patient cells 

Following informed consent approved by Fondazione IRCCS Ca’ Granda Ospedale 

Maggiore Policlinico (Ethical Committee approval N°575, 03/29/2018), CD138+ cells were 

isolated from the BM aspirates of MM patients by Ficoll-Hypaque (Lonza Group, Basel, 

Switzerland) density gradient sedimentation, followed by antibody-mediated positive 

selection using anti-CD138 magnetic activated cell separation microbeads (Miltenyi Biotech, 

Gladbach, Germany). Purity of immunoselected cells was assessed by flow-cytometry 

analysis using a phycoerythrin-conjugated CD138 monoclonal antibody by standard 

procedures. CD138+ cells from MM patients were seeded and cultured in RPMI-1640 

medium (Gibco®, Life Technologies) supplemented with 20% fetal bovine serum (Lonza 

Group Ltd.) and 1% penicillin/streptomycin (Gibco®, Life Technologies).  

 



 

 

- 26 - 

4.2.3. siRNA and in vitro HMCLs transfection 

To silence DIS3 we used ON-TARGETplus siRNAs targeting DIS3 and a non-silencing 

negative control siRNA (CTRL) that were purchased from Dharmacon. NCI-H929 and AMO-

1 cells were seeded in a plating density (0.1× 106 cells/0.5mL). HMCLs were transfected by 

Neon Transfection System (Invitrogen, CA, US), with the following electroporation 

conditions: 1100 V, 30 ms, 2 pulse. siRNA was used at 200nM concentration. The 

transfection efficiency was evaluated by comparative qRT-PCR. Cells were incubated at 

37°C and collected at 24-48-72 hr after transfection to assess the downregulation of DIS3 

by qRT-PCR and then by Western blot analysis. 

 

4.2.4. Design of GapmeRs and in vitro transfection of HMCLs  

LNA gampeR oligonucleotides were provided by Exiqon (QIAGEN). LNA gapmeRs were in 

house-designed and purified by HPLC followed by Na+-salt exchange and lyophilization.  

 

NAME DESIGN ID SEQUENCE 5’-3’ Mw. calc. (Da) 

gDIS3#2 339511-1 ACTTAATGGTAATAGA 5351.29 

gDIS3#13 339511-2 GAGTCGAGACACCATG 5268.21 

gDIS3#15 339511-3 TTCTATGCGACAAGGG 5302.21 

HMCLs were transfected through the use of Neon Transfection System, with the following 

electroporation conditions: 1100 V, 30 ms, 2 pulse. LNA gapmeRs were used at 100nM. 

The transfection efficiency was evaluated by comparative qRT-PCR.  

4.2.5. Cell viability and growth assessment  

Cell viability was evaluated by counting the number of viable cells after trypan blue staining. 

Cells were suspended in well and mixed with trypan blue solution (ratio 1:1). 10 µl of this 

cell solution were seeded in a Bürker chamber and the cells were counted. At the end of the 

counting, the percentage of viability of each sample was evaluated. 

 

4.2.6. Colony-forming assay 

For colony-forming assay, CTRL and gDIS3 silenced cells were suspended in RPMI-1640 

medium with 10% fetal bovine serum (FBS) and plated on methylcellulose-based media 

(MethoCult TM STEMCELL Technologies) containing 1% methylcellulose in RPMI-1640 

medium, 10% FBS. Each condition was evaluated twice in triplicates. Colonies were scored 
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by an inverted microscope after a 21-day incubation at 37 °C in a fully humidified 

atmosphere at 5% CO2. 

 

4.2.7. Cell cycle analysis and apoptosis  

Cell cycle distribution of DIS3 silenced and relative control HMCLs was assessed using BD 

FACSVerse™ flow cytometer (BD Bioscience, Italy). Samples for cell cycle analysis were 

fixed in 70% ethanol at 4 °C for at least 2 h and incubated with FxCycleTM PI/RNase Staining 

Solution (Life Technologies) for 30 min in the dark, according to the manufacturer’s 

instructions. Fluorescent emissions were collected through a 575 nm band-pass filter. To 

detect apoptosis, control and silenced cells were harvested, washed twice, and suspended 

in binding buffer. Then, the cells were stained using a PE Annexin V Apoptosis Detection 

Kit (BD Biosciences), following which they were subjected to BD FACSVerse™ flow 

cytometry (BD Biosciences) to analyze apoptotic distribution. 

 

4.2.8. RNA extraction, RT-PCR and qPCR 

Total RNA was extracted using TRIzol® Reagent (Invitrogen) according to manufacturer’s 

instructions. The purity and concentration of total RNA was determined by the NanoDrop 

1000 spectrophotometer (Thermo Fisher Scientific). The ratios of absorption (260 nm/280 

nm) of all samples were between 1.8 and 2.0. cDNA was synthesized from 500 ng of total 

RNA with random primers using the High-Capacity cDNA Reverse Transcriptase Kit 

(Invitrogen, Life Technologies) according to the manufacturer`s instructions. mRNA 

expression was performed by real-time quantitative PCR reaction using SYBR green PCR 

Master Mix (Applied Biosystems) after optimization of the primer conditions. 10 ng of 

reverse-transcribed RNAs were mixed with 300 nM of specific forward and reverse primers 

in a final volume of 10 μl. RT-PCR was performed on an Applied Biosystems StepOnePlus 

Real-Time PCR system for 40 cycles. The relative expression level was calculated with the 

2[ΔΔCt] method and expressed as a fold change: normalization of data was performed on 

house-keeping gene (GAPDH) expression. To determine RNA levels by qPCR, the following 

primers were used:  
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Primer Name Sequence (5’-3’) 

GAPDH FW 5’-ACAGTCAGCCGCATCTTCTT-3’ 

GAPDH RW 5’-AATGAAGGGGTCATTGATGG-3’ 

DIS3 FW 5’-GCGATTCGAGTAGCAGCAAA-3’ 

DIS3 RW 5’-TGAGTTCGGGGTTAGCAGTT-3’ 

RAD51B FW 5'-CATGTTAGGAGCGCTGGAAC-3’ 

RAD51B RW 5'-TGGCCCTGGTCTTCTTTTCT-3' 

ARID5B FW 5’-GGCAGAAATAGCGACCATGG -3’ 

ARID5B RW 5’-CCCAAGGCCTCAGTTTTCAC -3’ 

CCNB1 FW 5’-TTTCTGCTGGGTGTAGGTCC-3’ 

CCNB1 RW 5’-GCCATGTTGATCTTCGCCTT-3’ 

CDC20 FW 5’-CGTTCGAGAGTGACCTGCA-3’ 

CDC20 RW 5’-CCAGGTTTGCTAGGAGTGGT-3’ 

KIF14 RW 5’-TGCCATGGGATTGATTAGATCTC -3’ 

KIF14 RW 5’-TGGAGCACGATTAACCATCCT-3’ 

TOP2A FW 5’-ACATATTTTGCTCCGCCCAG-3’ 

TOP2A RW 5’-CTTTGTTTGTTGTCCGCAGC-3’ 

POLR2H FW 5’-CTCGACTGCATTGTGAGAGTG-3’ 

POLR2H RW 5’-AAGGCCTATCATCAGTGGGG-3’ 

 

4.2.9. Protein detection by Western blots  

For protein analyses cells were homogenized in lysis buffer M-PER® Mammalian Protein 

Extraction Reagent (Thermo Scientific) and Halt Protease and Phosphatase inhibitor 

cocktail, EDTA-free, 100X, (Thermo Scientific). Protein lysates were centrifuged at 13000 

rcf for 10 min. Whole cell lysates (40 µg per cell line) were separated using Bolt™ 4-12% 

Bis-Tris Plus Acriliamide Gels (Invitrogen), electro-transferred onto nitrocellulose 

membranes (Bio-Rad, Hercules, CA, USA), and immunoblotted over night at 4°C with 

primary antibody (Table 1). Membranes were washed three times in PBST solution and then 

incubated with a secondary antibody conjugated with horseradish peroxidase (HRP) in BSA 

2% - PBST for 2 hours at RT. Chemiluminescence was developed using Clarity ECL 

Western Blot Substrate Kit (BIO-RAD) and signal intensity was detected using ChemiDoc 

MP System (Bio-Rad). The experiments were repeated at least three times. 
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Ab Company Code Dilution Secondary Ab 

Anti-CCNE1 Cell Signaling Technology 20808 1:1000 BSA 5%-

PBS TW 0,1%  

Rabbit: 1:2000 BSA 

2%-PBS TW 0,1% 

Anti-CCNA2 Cell Signaling Technology 4656 1:1000 BSA 5%-

PBS TW 0,1% 

Mouse: 1:2000 BSA 

2%-PBS TW 0,1% 

Anti-pCCNB1 Ser133 Cell Signaling Technology 4133 1:1000 BSA 5%-

PBS TW 0,1% 

Rabbit: 1:2000 BSA 

2%-PBS TW 0,1% 

Anti-CCNB1 Ser133 Cell Signaling Technology 4138 1:1000 BSA 5%-

PBS TW 0,1% 

Rabbit: 1:2000 BSA 

2%-PBS TW 0,1% 

Anti-pCDK1 Thr161 Cell Signaling Technology 9114 1:1000 BSA 5%-

PBS TW 0,1% 

Rabbit: 1:2000 BSA 

2%-PBS TW 0,1% 

Anti-CDK1 Cell Signaling Technology 77055 1:1000 BSA 5%-

PBS TW 0,1% 

Rabbit: 1:2000 BSA 

2%-PBS TW 0,1% 

Anti-pCDC20 Ser51 Cell Signaling Technology 8038 1:1000 BSA 5%-

PBS TW 0,1% 

Rabbit: 1:2000 BSA 

2%-PBS TW 0,1% 

Anti-CDC20 Cell Signaling Technology 4823 1:1000 BSA 5%-

PBS TW 0,1% 

Rabbit: 1:2000 BSA 

2%-PBS TW 0,1% 

Anti-GAPDH Santa Cruz Sc-7899 1:2000 BSA 5%-

PBS TW 0,1% 

Mouse: 1:2000 BSA 

2%-PBS TW 0,1% 

Anti-DIS3 Proteintech 14689-1-AP 1:1000 BSA 5%-

PBS TW 0,1% 

Rabbit: 1:2000 BSA 

2%-PBS TW 0,1% 

 
Table 1. List of the antibody used for western blot analysis. 

 

 

4.2.10. Drug treatment  

AMO-1 and NCI-H929 cells were treated with ARRY-520 in combination with gapmeR 

against DIS3.  ARRY-520 was obtained from Cayman Chemical and used at working 

concentration of 1nM.  

 

4.2.11. Cellular synchronization  

For cellular synchronization was used Synchroset kit from EuroClone. Cells were seeded at 

a concentration of 0.050x106/ml and DIS3 was added the same time of the seeding. After 4 

days of culture were added 20 µl/ml of solution A (min 14-max 20 hours) was added per ml 

to block cells at G0/G1 phases of the cell cycle. After 16 hours were added 20µl/ml of 

solution B and cells were incubated for 5 hours to release cells. At the end of the release 

cells were collected following a time course (T0-2hrs-4hrs-6hrs after release). 

Another method to synchronize cells were used:  cells were seeded at a concentration of 

0.050x106/ml and DIS3 was added the same time of seeding. After 4 days of culture cells 

were synchronized with 7,5µM/ml RO-3306 (Selleckchem) for 24hr at 37°C. The day after 
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cells were treated with MG-132 25µM/ml (Selleckchem) for 90min at 37°C. At the end cells 

were fixed and processed for immunofluorescence.  

 

4.2.12. Immunofluorescence  

0.050 x 106 cells were harvested, centrifuged onto glass slides (Cytospin 4, Thermo 

Scientific), then fixed in 4% paraformaldehyde in PBS1X for 6 min at 22°C, followed by three 

5-min washes in PBS. Cells were permeabilized (0.1% Triton X-100 in PBS, 15-min), 

washed in PBS (3X, 5 min each), blocked 1 h at 22°C with 2% BSA in PBS, and then 

incubated 1 hour at 4°C with DIS3 antibody (#14689-1-AP; Proteintech; 1:100) or y-Tubulin 

(#5886; Cell Signaling Thecnology; 1:100) to detect centriole. Thereafter, slides were 

washed in PBS (3X, 5 min each) and incubated 1 h at 22°C in the dark, with Alexa Fluor 

555 Anti-Rabbit IgG secondary Antibody (Cell Signaling Technology, 1:500).  

Anti-alpha-Tubulin alexa fluor 488 (Abcam; 1:100) was used to detect microtubule. After 

three PBS washes, cells were mounted under coverslips with DAPI-containing Vectashield 

(Vector Laboratories). Images were acquired by Leica TCS SP8 confocal laser scanning 

microscope (DMi8); acquisitions were performed with 40X and 63X immersion oil objectives. 

Conversion of imaged z-stacks into average intensity projections was processed by Leica 

Microsystem software (Leica Application Suite X - LAS X).  

 

4.2.13. Global transcriptome profiling 

Total RNA samples were processed using WT PLUS Reagent Kit in accordance with the 

manufacturer’s protocols (Thermo Fisher Scientific, Waltham, MA, USA). Global gene 

expression profiles were obtained using Clariom D array (Thermo Fisher Scientific, 

Waltham, MA, USA) in NCI-H929 triplicates that were subjected to gymnotic DIS3 silencing 

in comparison to NCI-H929 control triplicates. Robust Multichip Average (RMA) 

normalization was applied on raw data and a custom annotation pipeline was applied using 

the Chip Definition File (CDF) version 25 for GENECODE transcript annotations, freely 

available: at 

http://brainarray.mbni.med.umich.edu/Brainarray/Database/CustomCDF/25.0.0/gencodet.a

sp. Therefore, the expression levels of Ensembl genes specific for 19241 protein coding 

genes and 15485 lncRNAs were obtained. 
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4.2.14. Differential expression analysis  

Differential expression in gymnotic DIS3 silenced compared to control NCI-H929 triplicates 

was performed by means of Significance analysis of Microarrays (SAM) analysis (86) 

applying 500 permutations and default analysis conditions. Specific transcriptional patterns 

were defined using a 10% cut-off on FDR q-value. Global differentially expressed gene lists 

were selected on FDR < 10% cut-off. 

 

4.2.15. Functional enrichment analysis 

Enrichment analysis was carried out using clusterProfiler package (version 3.18.1) 

(Guangchuang Y et al., A Journal of Integrative Biology. 2012) in R 4.0.0 environment, on 

Gene Ontology (GO) Biological Process (BP) and Molecular Function (MF) terms. Barplot 

charts of the top 20 most significant annotation category terms were depicted using the 

global differentially expressed (DE) gene list ranked by Fold Change (FC) and setting p-

value < 0.05 and q-value < 0.10 cut-off. Network interactions between the top five GO-BP 

or GO-MF annotation terms were visualized by using the cnetplot function. Gene Set 

Enrichment Analysis (GSEA) was achieved on global expression profiles of 19048 Ensembl 

annotated protein coding genes in DIS3-silenced compared to control NCI-H929 triplicates, 

by applying 1000 gene set permutations and default analysis conditions. Significant 

Hallmark, KEGG and Reactome gene sets (version 7.4) were selected on the base of 

nominal p-value <0.05 and FDR q-value < 5%.  

 

4.2.16. Statistical analysis  

Statistical analysis was performed using Student t test for comparing two groups and by 

ANOVA for multiple group comparisons. All experiments were performed in two or more 

replicates.  
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5. Results, part 1: Transcriptional signature and clinical out came of 
DIS3 mutations in Multiple Myeloma  

 

5.1. Evaluation of DIS3 mutations in myeloma patients 

We focused on a CoMMpass cohort of 930 bone marrow PC samples from newly diagnosed 

MM (NDMM) patients for whom non-synonymous somatic mutation data by whole exome 

sequencing (WES) were available, identifying 103 DIS3 mutations (DIS3mts) in 94/930 

cases. The variant allelic frequency (VAF) ranged between 5.3 and 100% (mean: 48%; 

median: 43%). Most of the mutations were in the coding region (100/103) and were 

missense variants (95/103) or within the splice site region (2/103), while in a minority of 

cases they consisted of start-loss (3/103). Three mutations have been classified as splice 

or donor acceptor variants involving intronic sequences (3/103), all by means of SnpEff and 

SnpSift tools (//snpeff.sourceforge.net/). DIS3mts occurred mainly in the active domains of 

the protein: in detail, 70/103 mutations were in the RNB domain and 10 in the PIN domain. 

Regarding the major mutational hotspots reported occurring within the RNB domain, R780 

was involved in 12 cases of MM, while residues D488 and D479 were affected in samples 

of 11 MM each (Figure 7A). 

Then, we also evaluated the association of DIS3mts with the presence of the main IGH 

chromosomal translocations in 724 patients.  

We observed a significant co-occurrence both with t(4;14) and MAF (MAF, MAFB or MAFA) 

translocations (p=0.0035). Furthermore, a trend towards translocation t(11; 14) was 

highlighted in the cases mutated in DIS3 even though it did not reach statistical significance 

(27.3% vs 18.4% in the non-mutated cases), while no relevant association was found with 

t(6; 14) or MYC translocations. 

The association of DIS3mts with CNAs commonly found in MM disease was evaluated in 

847 MM cases, for which specific data by WES were available. As expected, a very 

significant association (p=0.0003) was observed between DIS3mts and del(13q): 

specifically, 62 out of 86 patients harboring DIS3mts and for which CNAs data were 

available, showed a 13q deletion. Next, we considered the distribution of del(13q) across 

the different types of DIS3mts and only 9 out of 29 MM affected by the mutational hotspots 

also carried del(13q). Notably D479 hotspot was involved in 5 of these 9 cases.  

On the contrary, 50 out of the 54 cases harboring not-hotspots DIS3mts were associated 

with del(13q) (Fisher exact test P-value<0.0001). Concerning the other main CNAs, was 

observed a very significant association (p=0.0020) with 1q21 gain/amplification (1q 
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gain/amp), occurring in 45 out of 86 DIS3-mutated patients, 38 of which also carrying the 

(13q). 

On the contrary, was found a highly significant inverse correlation with the hyperdiploid 

condition (p=0.0003) and the occurrence of 1p22/CDKN2C loss (p=0.0205).  

Moreover, were present 17p13/TP53 deletions only in 4 out of 86 cases harboring DIS3mts.  

We also examined the co-occurrence of DIS3mts with the most frequently mutated genes 

in MM, namely KRAS, N-RAS, BRAF, FAM46C, TP53 and TRAF3. A statistically significant 

association with DIS3mts was observed only for BRAF mutations (p = 0.0126).  

Notably, the kinase-dead BRAF D594 mutation was observed more frequently in DIS3 

mutated (5/12) compared to wild-type cases (10/56), albeit not reaching a statistical 

significance. This is probably related to the higher prevalence of BRAF D594 mutations in 

MAF-translocated cases (85). Figure 7B displays the global landscape of co-occurrence of 

DIS3mts with other main molecular lesions. 
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Figure 7. DIS3 distribution of non-synonymous somatic variants of patients derived from CoMMpass cohort and 

their correlation with other genetic alterations. (A) Incidence of the 100 missense SNVs in DIS3 protein domains are 

represented in the histogram below; red arrows indicate the splice acceptor or donor variants. (B) Plot of co-occurrence of 

main CNAs, Igh translocations and non-synonymous somatic mutations in 651 MM of CoMMpass dataset entirely profiled 

by WES and RNA-seq. 

 

5.2. Correlation of the DIS3 mutations with clinical parameters  

We examined the clinical impact of DIS3mts in 930 MM cases with available PFS and OS 

data. With a median follow-up of 889 and 868 days for PFS and OS, respectively, was 

observed a significant lower survival rate for both OS (Log-rank p=0.039) and PFS (Log-

rank p=0.021) in 94 DIS3 mutated cases versus 836 DIS3 WT MMs.  

In detail, the median PFS was 800 days in DIS3mut vs 1176 days in WT MM cases (Figure 

8A-B), whereas the OS evaluated in DIS3 mutated cases vs WT group was 65% at 3 years. 

As described above, DIS3mts co-occur significantly with del(13q) and therefore with the loss 

of the second allele, affecting other several genes in MM. 

For this reason, we stratified the cases of the CoMMpass series into four groups based on: 

absence of both DIS3mts and del(13q) (381 cases), the presence of only DIS3mts (24 

cases), the del(13q) alone (380 cases) or the occurrence of both DIS3mts and del(13q) (62 

cases).  
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As illustrated in Figure 8C-D, the presence of the bi-allelic alterations was associated with a 

poor prognosis compared to WT condition, respectively reaching a 3-years OS of 62% vs 

82%, and a median PFS of 772 days vs 1215 days. 

 

 

 

Figure 8. Kaplan-Meier survival curves. Kaplan-Meire curves on 930 MM cases stratified agreeing to DIS3 mutation 

occurrence with respect to OS (A) and PFS (B). Kaplan-Meier survival curves in 847 cases stratified in four molecular 

groups: the presence of DIS3 mutation and del(13q) as single or bi-allelic alterations, with respect to OS (C) and PFS (D). 

Log-rank test p-value measuring the global difference between survival curves and number of samples at risk in each 

group across time are reported. Log-rank test p-values of pairwise comparisons are also reported in C-D. Significant 

adjusted p-values by BH correction (< 0.05) are in bold red. OS median follow up time: 862 days, IQR: [594 days; 1092 

days]; PFS median follow up time: 828 days, IQR: [535 days;1094 days]. 

 

In addition, we tested the clinical impact of DIS3mts and del(13q), as single or bi-allelic 

condition, along with other parameters, such as the International Staging System subgroups 

(ISS I-III) and the other most important molecular lesions, by Cox regression univariate 

analysis for both OS and PFS outcome, in 630 MM patients for which all the information 

were available. A significant higher risk, both in PFS and OS, was associated with ISS stage 
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III and the occurrence of 1q gain/amp in association with TP53 alterations. A higher risk in 

OS was also associated with the presence of DIS3mts or del(13q) as monoallelic condition, 

whereas the bi-allelic alteration was associated to a shorter PFS.  

On the contrary, a significant lower risk, both in PFS and OS, was associated to ISS I stage. 

All these features retained their clinical impact both in OS and PFS, when tested in Cox 

regression multivariate analysis (Figure 9). 

 

 

 

Figure 9. DIS3 mutations impact and other clinical/molecular variables on survival of multiple myeloma 

patients. Forest plots of cox regression multivariate analyses considering all features with adjusted p-value<0.05 in 

univariate analysis with regards to OS (A) and PFS (B), in 630 MM cases of CoMMpass cohort for which were available 

all considered data. Hazard Ratio, 95% Confidence Interval and p-value are reported for each variable. Global Log-rank 

p-value is reported for each analysis. 

 

Based on these results of the differential effects of mono-allelic or bi-allelic DIS3 lesions, we 

reanalyzed the association of these events with known oncogenic MM lesions. 

As regard the main IgH translocations, the t(4;14) was exclusively related to the bi-allelic 

condition (p=0.0170). Furthermore, was observed a higher prevalence of 1q gain/amp in 

patients with bi-allelic DIS3 events (61% vs 29%), while a higher fraction of FAM46C 

mutated cases was evidenced in cases carrying only DIS3mts (5.3% vs 3.1%). 
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5.3. Transcriptional expression changes associated with DIS3 mutation and 

del(13q)  

To define the molecular pathways and gene expression signatures associated with 

DIS3mts, we focused on cases with mutation expression at significant levels, in this way 

using for a stringent cutoff of 20% on the RNA mutational load (RNA_ALT_FREQ), selected 

based on the analysis of the ROC curve (Area Under the Curve (AUC) 98 %) based on DNA 

mutation level (VAF). 

Further support this cut-off value, we found a global significant correlation (Pearson’s 

correlation r=0.94) between DNA and RNA mutational levels in those 56 MM cases with 

DIS3 RNA mutational load >20%, compared to the remaining 17 MM cases with lower RNA 

somatic variant frequencies (r=0.30). 

For the analysis, we considered a total of 28346 expressed transcripts and compared the 

expression profiles in 56 DIS3 mutant cases versus 582 WT DIS3 MM cases. A large list of 

7167 differentially expressed transcripts (DE) was obtained, 6564 of which were annotated, 

with a low stringency cut-off (FDR <10%). 

Among them, 3464 protein coding genes and 2062 lncRNAs resulted mostly upregulated 

(79%) in DIS3 mutated compared to unmutated cases. Principal Component Analysis (PCA) 

based on the expression levels of 6564 DE annotated transcripts in 56 DIS3 mutated and 

582 DIS3 WT samples stratified according to del(13q) alteration, confirmed a robust 

association between DIS3mt and del(13q) (Figure 10A).  

Furthermore, the heat map of the first 100 transcripts most significantly upregulated, 

involving almost all lncRNA (82%), in stratified MM samples revealed a stronger pattern of 

positive regulation in the bi-allelic lesion group with respect to MM cases with DIS3mts or 

del(13q) alone, compared to DIS3 WT MM samples (Figure 10B).  
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Figure 10. Transcriptional expression chance associated with DIS3 mutations and del(13q). (A) PCA on 6564 DE 

transcripts in 56 DIS3 >20% mutated vs 582 DIS3 WT MM samples. (B) Heatmap of top 100 differentially expressed 

transcripts in 56 DIS3 >20% mutated versus 582 DIS3 WT MM samples. The colored scaled bar represents standardized 

rows by subtracting the mean and divided by the standard deviation. Samples in each group are stratified in agreement to 

the occurrence of del(13q) aberration: 5 DIS3mts and not available (nd) for del(13q) MM samples, 38 MM cases with bi-

allelic alteration, 13 MM samples carrying only DIS3 mutation, 289 MM with del(13q) as single lesion and 293 wild type 

MM samples. (C) Venn diagram on differentially expressed transcripts lists resulting from 13 MM cases with DIS3 mutation, 

289 MM with del(13q) as single lesions, or 38 MM with bi-allelic alteration compared to 293 WT MM cases.  

 

Based on these findings, we compared the global expression profiles associated with each 

lesion (DIS3mts, del13q and biallelic condition) to WT; we found a share of 430 DE 

transcripts in all three comparisons, of which 305 are lncRNA and 56 are protein coding 

genes (Figure 10C).    

 

5.4. Protein coding transcripts: gene sets and molecular pathways modulated 

associated to DIS3 mutation 

To determine which molecular pathways could be modulated in relation to DIS3mts 

occurrence in MM, a Gene Set Enrichment Analysis (GSEA) was performed on the list of 

DE protein coding genes that were ranked based on fold change values.  
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Specifically, the enrichment map on the top 100 GSEA gene sets based on Gene Ontology 

(GO) Biological Process (BP) terms showed a complex network of connected functional 

modules mostly concerning RNA and protein metabolism, nucleosome organization, cell-

cycle regulation, cell proliferation and apoptosis, immune response, cell adhesion and tissue 

development (Figure 11). 

 

 

Figure 11. Enrichment map on top 100 GSEA gene sets based on GO-BP terms. Analysis was performed by Cluster 

Profiler analysis on DE global protein coding transcrip list. 

 

More in details, we evidenced the up-regulation of several cell signaling pathways, among 

which the interferon response, the TNFα signaling via NFKB, and the B-cell receptor 

cascade.  

Moreover, genes modulated by KRAS activation or involved in TP53 pathway and cell death, 

cell adhesion and migration, cell-cell communication, chromatin organization and cell cycle 

check points resulted positively modulated in DIS3 mutated MM samples.  

On the contrary, oxidative phosphorylation gene sets were down-regulated, together with 

genes involved in RNA and protein metabolism, like those codifying for ribosome structural 

constituents or involved in ubiquitin-mediated proteolysis, amino acid modification and 

translation. Furthermore, genes implicated in DNA repair process and chromatin modifying 

enzymes were found downregulated in DIS3 mutated cases (Figure 12).  
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Figure 12. Gene set enrichment analysis of DIS3 mutations in MM. Enrichment plots of significantly deregulated gene 

sets, involving several signaling pathways (A-C), cell cycle (D-E), RNA metabolism (F-G), and DNA repair (H), in DIS3 

mutated compared to DIS3 WT MM cases by GSEA. Normalized Enrichment Score (NES) and nominal p-value are 

reported for each gene set. 

 

Finally, we found a significant enrichment of genes recognized in known transcriptional 

signatures of MM patients carrying main IGH translocations. These involved translocation 

target genes like FGFR3, WHSC1 or MAF, concurrently with several genes identified in their 

specific gene expression patterns (i.e. KLF4, CCND2, SPP1, ITGB7).  

On the contrary, an opposite behavior was observed as regard gene sets associated to the 

hyperdiploid alteration in MM.  

Finally, the shared DE transcript list associated with DIS3 mutations was enriched in lncRNA 

particularly (51% of all DE transcripts), thus further supporting the notion of a significantly 

stronger impact of DIS3 mutations on the ncRNA transcriptome. 

 

5.5. Differential lncRNAs expression patterns associated with DIS3 mutation  

The transcriptional pattern of lncRNAs associated with DIS3 mutations was further 

investigated.  
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In detail, based on the large heterogeneity of lncRNAs and their lower expression levels 

compared to protein coding transcripts, we applied a more stringent analysis on 2062 DE 

lncRNAs, focusing on the 50 most significant ones at FDR<1% and FC>2.  

All lncRNAs were up-regulated in DIS3 mutated cases compared to DIS3 WT and they were 

mainly represented by lncRNAs which are antisense to the coding genes (80%); the 

remaining cases involved 3 lncRNAs which are sense to the coding genes, one long 

intergenic non-protein coding RNA, 2 miRNA host genes and 2 divergent transcripts. To 

note, the novel transcript Z93930.2 is located less than 100 bp antisense to the XBP1 

transcription factor, a consolidated regulator of  MM, well-known to be altered during MM 

initiation and progression (60). 

Based on the recurrent evidence that the transcription of mRNAs and lncRNAs appears to 

be closely regulated, leading to a cis-regulatory relationship between the two transcripts 

(87,88), we investigated expression levels of nearby or overlapping transcripts localized 

nearby to the 50 lncRNAs (up to 65 kb window).  

Consequently, we considered 81 mRNA-lncRNA pairs and analyzed the correlation between 

their expression levels over the entire dataset of 767 MM cases that were profiled by RNA-

seq in the CoMMpass cohort. Was observed a significant positive Pearson’s correlation 

(r>0.5, p<6.08E-16) for 9 lncRNA-gene pairs; among them, AL121672.3 and MIRLET7BHG 

lncRNAs, both mapping at 22q13, showed a relevant correlation within each other (r=0.65) 

and with the PRR34 gene (r=0.66, r=0.73, respectively) (supplementary information are 

available on a paper published by our group: Todoerti K et al., Haematologica 2022).  

Finally, we found that 26 out of the evaluated overlapping/neighbor transcripts resulted also 

differentially expressed in association to DIS3 mutated state.  

  

5.6. Clinical relevance of long non-coding RNAs  

Next, all 50 lncRNAs were tested with respect to OS or PFS outcome by means of Kaplan-

Meier survival analysis taking in consideration 767 MM cases with available RNA-seq and 

survival data. High versus low expression groups were determined according to the mean 

cut-off value for the expression level of each lncRNA across the entire dataset.  

Interestingly, higher expression levels were associated to a poorer clinical outcome in terms 

of PFS for 35 out of all the 50 lncRNAs tested. Furthermore, 15 of them resulted as 

unfavorable prognostic factors also in association to OS (Figure 13).  
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Figure 13. Kaplan-Meier survival curves. Kaplan-Meier survival curves of AL445228.2 and AC015982.2 lncRNAs in 767 

MM cases stratified in low and high expression group on the base of mean cut-off, with respect to PFS (A-C) and OS (B-

D). Log-rank test p-value and number of cases at risk in each group across time are reported. 

 

The poorer clinical outcome was further investigated as regard the 35 lncRNAs by Cox 

regression univariate analysis. The higher expression level for 21 lncRNAs was associated 

with a significant higher risk in PFS, and for 5 of them (AC015982.2, AL353807.2, 

AC013400.1, ASH1L-AS1, and AL445228.3) also in OS.  

Next, for all these 21 lncRNAs, were tested high and low lncRNA expression levels in 630 

cases, taking in consideration the other clinically relevant characteristic, i.e. ISS stage I and 

III, the occurrence of 1q gain/amp in association to TP53 alterations, the presence of DIS3 

mutations or del(13q) as single events for OS, or for PFS the bi-allelic alteration. Notably, 

all the five lncRNAs associated with a shorter OS retained their clinical impact when tested 

in Cox regression multivariate analysis together with major poor prognostic molecular 

features.  
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Two of them (AC015982.2 and AL445228.3) retained a significance also in PFS; besides 

these two lncRNAs, other seven (AC099778.1, AP000894.4, AL121658.1, AL356441.1, 

BX284668.6, AC093510.1, AL138976.2) resulted independent predictors of PFS at 

multivariate analysis (Figure 14A).  

Altogether, from our analysis 12 lncRNAs were predicted to have strong clinical relevance 

(Figure 14).  

In detail, 11 of them code for novel transcripts, and four are antisense to known transcripts 

whose expression level was highly positively correlated (Figure 14A). Interestingly, we found 

four couples lncRNA-coding genes that are antisense or nearby, located on chromosome 

1q with highly correlated expression (Figure 14); these protein coding transcripts (MGST3, 

ASH1L, MSTO1, and C1orf21) resulted also significantly upregulated in DIS3 mutated as 

compared to unmutated samples.  

Finally, the expression of four of these lncRNAs was validated by qRT-PCR in 43 newly 

diagnosed MM samples from our laboratory, characterized for the presence of DIS3 

mutations and for which material was available.   

From this evaluation, we founded a significant upregulation of AC093510.1, AC015982.2, 

and AL138976.2 in DIS3 mutated MM without the presence of del (13q) compared to WT 

DIS3 samples, while AC099778.1 only in the biallelic condition was significantly upregulated 

(Figure 14B). 
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Figure 14. Summary information on the 12 lncRNAs with clinical relevance and 4 lncRNAs validate in MM patients. 

(A) Table representing information on the 12 long non-coding RNA significant in multivariate analysis. In the first column, 

the color indicates the significance in multivariate analysis as specified in the legend. (B) Scheme of the genomic region 

of the four lncRNAs validated by qRT-PCR in 43 patients including 13 with DIS3 wild type, 14 with DIS3 WT and del(13q), 
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seven with DIS3 mutation, and nine with DIS3mt sand del(13q). In red below are indicated Primer position for each lncRNA. 

Differential expression was assessed by the Wilcoxon signed-rank test and statistically significant P-values (<0.05) are 

reported above each boxplot. Dunn test. P-values for pairwise comparisons are reported in tables under each boxplot, with 

statistically significant P-values in bold red.  

 

 

6. Results, part 2: Molecular and functional characterization of DIS3 
relevance in HMCLs 

  

6.1. DIS3 KD inhibits proliferation of MM cells in vitro 

To unravel the biological relevance of DIS3 in MM we took advantage of the use of RNA 

interference strategy to silence DIS3 in NCI-H929 and AMO-1 HMCLs. DIS3 specific siRNA 

(siDIS3) showed a good silencing efficiency at 24-48hr post electroporation, that is nearly 

70% (Figure 15A) also confirmed at protein level (Figure 15B), which decreased after 72hr 

in both HMCLs tested (almost 30%).  

As shown in Figure 15C, DIS3 KD led to a significant reduction of cellular growth as 

compared to relative control, which resulted to be stronger in NCI-H929 compared to AMO-

1 cell line. 
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Figure 15. DIS3 silencing using siRNA strategy. A Quantitative real-time PCR (qRT-PCR) of DIS3 in NCI-H929 and 

AMO-1 cells at the indicated hours using RNA interference strategy; DIS3 expression was expressed as 2−ΔΔCt relative to 

the scramble siRNA at the same time point. B WB of DIS3 in NCI-H929 and AMO-1 cells 24-48hr after siRNA delivery 

(200nM). C Growth curves of AMO-1 and NCI-H929 cells following the transfection of DIS3-specific siRNA. *p < 0.05, **p 

< 0.01, ***p < 0.001, Student’s t test (A-C).  

 

To obtain a more pronounced and lasting silencing effect we exploited a second loss of 

function approach by using the LNA-gapmeR ASO technology.  

We designed 3 different LNA-gapmeR sequences (gDIS3#2/13/15) targeting all three DIS3 

isoforms (Figure 16A). The silencing efficiency of all three gampeRs was tested in AMO-1 

cell line by electroporation. As shown in Figure 16B, gDIS3#13 showed the best silencing 

efficiency at 24hr (about 50%) also confirmed at protein level (Figure 16C); which decreased 

48h after silencing (nearly 80% of remaining DIS3).  

To achieve a deeper and prolonged silencing effect, we optimized our experimental 

condition by using the gymnotic delivery of the selected gDIS3#13 LNA-gapmeR. Based on 

our previous works (89) we evaluated the time-dependent biological effect of gDIS3#13 

delivery using a sub-cytotoxic concentration (5µM) for 9 days in both AMO-1 and NCI-H929 

cells.  
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Figure 16. DIS3 silencing using LNA-gapmers in AMO-1 cell line. A Schematic representation of DIS3 protein coding 

isoforms together with the localization of the three gapmeRs tested. In red DIS3 gapmer selected for following experiments. 

B DIS3 expression in AMO-1 24hr and 48hr after single LNA-gampeR transfection using Neon Transfection System. C 

WB of DIS3 in AMO-1 cells 48hr after gDIS3#13 delivery.  *p < 0.05, **p < 0.01, ***p < 0.001, Student’s t test. 

 

The gymnotic delivery of gDIS3#13 significantly downregulates DIS3 transcript (Figure 17A) 

and was associated with a decrease in cellular growth and an increase of the percentage of 

the apoptotic cells compared to relative control (Figure 17B-C). 

Furthermore, DIS3 silencing dramatically suppressed the clonogenic potential of MM cells 

as evaluated from clonogenic assay (Figure 17D). 

Finally, we evaluated anti-MM effects of DIS3 silencing on CD138+ cells derived from MM 

patients. DIS3 downregulation resulted in an important change in CD138+ morphology, 

attributable to vacuolated cytoplasm and non-specific inclusion, indicating an effect also on 

CD138+ cells (Figure 17E). 
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Figure 17. Gymnotic delivery of gDIS3 in MM cell lines and its biological effects on primary CD138+ cells. A 

Quantitative real-time PCR (qRT-PCR) of DIS3-silenced AMO-1 cells at the indicated days; DIS3 expression was 

expressed as 2−ΔΔCt relative to the control gapmeR at the same time point. B Growth curves of AMO-1 and NCI-H929 cells 

following DIS3 silencing. C Flow cytometry analyses of apoptosis in AMO-1 and NCI-H929 cells 6 days after treatment 

with gDIS3 gapmeR (5µM). D Colony formation assay performed on AMO-1 and NCI-H929 treated for 21 days with gDIS3; 

representative picture of colonies at day 21 are also shown. E Representative image of May-Giemsa staining of CD138+ 

primary tumors treated for 6 days with gDIS3 gapmeR. Mean and standard deviation on three replicates is reported where 
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applicable. *p < 0.05, **p < 0.01, ***p < 0.001, Student’s t test. *Indicate AMO-1 cell line and *indicate NCI-H929 cell line 

(B). 

 

 

6.2. Evaluation of DIS3 KD in Synchronous MM cells to better characterize cell 

cycle perturbation 

In the attempt to investigate better the anti-proliferative effects of DIS3 knockdown in 

HMCLs, we evaluated whether DIS3 silencing affects the cell cycle progression. DIS3-

silenced AMO-1 and NCI-H929 cells were collected after 4 days of silencing for flow 

cytometry analysis. As shown in Figure 18, DIS3 KD in NCI-H929 cells (Figure 18A) caused 

an increase in the percentage of cells in the G0/G1 phase (52.15% in the CTRL group to 

67.87% in NCI-H929 cells and from 55.34% to 61.75% in the AMO-1) of the cell cycle as 

compared to control samples, with a concomitant significant decrease in the percentage of 

cells distributed in the S and G2/M phase of the cell cycle (Figure 18A-B). Notably, the effect 

of DIS3 KD is stronger in NCI-H929 that carry the deletion of chromosome 13 and for which 

there is only one functional allele, compared to AMO-1 cell line that is WT with two functional 

allele. These findings suggest that silencing of DIS3 gene is associated with G0/G1 arrest 

in MM cells. 
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B 

 

Figure 18. Cell cycle analysis of NCI-H929 and AMO-1 cells (A-B) treated with gDIS3 gampmeR (5µM). Representative 

histogram data of cell cycle analysis at 4 days after treatment with gDIS3 are also shown. Standard deviation on three 

replicates are reported, *p < 0.05, **p < 0.01, ***p < 0.001, Student’s t test.   

   

Cell synchronization is crucial when studying events that take place at specific points of the 

cell cycle. The synchronized cells progress through the phases of the cell cycle as a 

relatively uniform cohort, helping us in the understanding the changes occurring during a 

particular phase. According to this notion and our results (see above), in which the treatment 

with gDIS3 affects cell cycle progression, we planned to synchronize MM cell lines to 

observe more in detail the effect obtained.   

Several chemical agents can be used to achieve the cell culture synchronization but not all 

type of cells respond equally.  

In our study we used the SynchroSet (EuroClone) reagent, and we assess the outcome of 

the cell cycle progression at different time point, collecting sample for RNA, cell cycle and 

protein analysis 6hr after release, as shown in Figure 19. 
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Figure 19. Schematic representation of Synchro-set protocol for cell synchronization. At time 0 cells were seeded 

and gapmeR against DIS3 was added. At day 4, 20µl/ml of solution A were added to cell suspension that were incubated 

overnight (min 14 – max 20 hours). This reagent is able to block cells at G0/G1 phases of the cell cycle. At day 5, 20µl/ml 

of solution B were added to each well and cells were incubated for 5 hrs in order to start cycling again. Samples were 

collected for RNA, proteins and cell cycle analysis at different time point, respectively 0, 2-4-6 hrs post release. 

 

In detail, we collect samples at selected times, to follow cells distribution during the different 

phases of the cell cycle, from block, during and after release. AMO-1 and NCI-H929 cells 

were arrested after 4 days from gDIS3 delivery at G0/G1 phase of the cell cycle and then 

released the day 5. Cell cycle progression through the different phases of the cell cycle was 

analyzed by flow cytometry at specific time point: from asynchronous, block, during the 

release (which has a time of 5hr), time 0 after release, 2-4-6-hr post release (Figure 20A-

B). 
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Figure 20.  Monitoring of cell cycle progression in DIS3 silenced NCI-H929 and AMO-1 cells. A-B Cycle progression 

was monitored by PI staining and FACS analysis of the DNA content of cells before synchronization (asynchronous cells), 

and at different time point after synchronization and after release.  

 

Following experiments in the present work have been performed on samples after 6h 

release (Figure 21A-B).    
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Figure 21. Biological effect obtained in gDIS3 synchronized cell lines. A-B AMO-1 and NCI-H929 cells synchronized. 

Cell cycle progression was monitored by PI staining and FACS analysis of the DNA content of cells every 6hr after the 

release. Percentage of cell cycle distribution is represented by the histogram.  

 

6.3. Transcriptional patterns associated with DIS3 silencing in NCI-H929 cell 

line 

Global transcriptome profiles were obtained in three NCI-H929 replicates that were 

gymnotically silenced for DIS3 in comparison to three control NCI-H929 cells, by means of 

Clariom D array (ThermoFiSher). Out of 55540 globally analyzed genes, 4032 resulted 

significantly modulated at FDR q-value less than 10% by SAM analysis. They were almost 

down-regulated (3995 genes, 99%) in DIS3-silenced cells, principally involving protein 

coding (PC) genes (2608 genes, 65%) and with a lesser extent long non-coding RNAs (464 

lncRNAs, 12%). Chromosome organization, chromatin and histone modification, and cell 

cycle checkpoint were recognized among the top 20 most significantly enriched GO 

Biological Process terms for 2595 differentially expressed PC genes with annotated gene 

symbols (Figure 22A). In addition, genes concerned in protein serine/threonine kinase 

activity, with helicase function, catalytic activity on RNA, or with tubulin binding function were 

evidenced in the top 20 remarkably enriched GO Molecular Function terms under DIS3 

silencing (Figure 22B).  
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Figure 22. Bar plot. Bar plot of the 20 most significantly enriched GO Biological Process terms (A) and GO Molecular 

Function terms (B) under DIS3 silencing. 

 

In particular, numerous protein coding (PC) genes that were significantly enriched in multiple 

annotation categories linked in complex interactions, regarding chromosome organization 

and nuclear division, or molecular activities on nucleic acids and tubulin, resulted globally 

down-regulated in DIS3-silenced cells (Figure 23). 
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Figure 23. Cnetplot. (ClusterProfiler R package) of the top 5 Biological Process terms (A) and GO Molecular Function 

terms (B) under DIS3 silencing.  

 

Finally, to find possible molecular subsets of genes that were coordinately modulated in 

DIS3-silenced in comparison to control NCI-H929 cells, Gene Set Enrichment Analysis 

(GSEA) was performed on global annotated PC gene expression profiles (19048 genes) 
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and most significant gene sets were selected under stringent conditions (nominal p-value < 

0.05 and FDR q-value<5%). 

Among the most significantly up-regulated gene sets in DIS3-silenced NCI-H929 cells, we 

evidenced some involved in degradation of extracellular matrix, DNA and histone epigenetic 

modifications, DNA recombination and repair, whereas cell cycle checkpoint, chromosome 

organization, RNA processing and degradation as expected due to the role of DIS3; 

regulation of TP53 activity and numerous cells signaling pathways resulted among the most 

significant under-expressed gene sets, in DIS3 silenced cells (Figure 24A-F).  

 

 

 

Figure 24. GSEA analysis on NCI-H929 DIS3 silenced cells. A-F A positive enrichment score (ES) indicates gene set 

enrichment at the top of the ranked list; a negative ES indicates gene set enrichment at the bottom of the ranked list. The 

analysis demonstrates that (A) Degradation of extracellular matrix and (B) DNA methylation are upmodulated in gDIS3 

silenced groups, while (C) G2/M checkpoint (D) Resolution of sister chromatid cohesion (E) RNA degradation and (F) 

Regulation of TP53 activity are downmodulated in gDIS3 silenced group.  

 

 

6.4. Validation of gene expression data in DIS3 silenced MM cell lines 

Comparing the transcriptional profiles of DIS3-silenced cells to controls, we observed 

among the genes differentially expressed, most downregulated in DIS3 KD cell line. 
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Interestingly, we found RAD51B and ARID5B involved in Homologous Recombination (HR) 

and DNA repair process; CCNB1, CDC20, KIF14, TOP2A and POLR2H, all of them involved 

in cell cycle process: CCNB1 is essential for the control of the cell cycle at G2/M transition; 

CDC20 acts as a regulatory protein interacting with the anaphase promoting 

complex/cyclosome (APC/C); KIF14 a microtubule motor protein with ATPase activity that 

play an important role in cell division, cytokinesis and also in cell proliferation. TOP2A is a 

DNA topoisomerase that alters the topologic states of DNA during transcription and 

POLR2H that is an RNA polymerase, its role is to catalyze the transcription of DNA into 

RNA.  

Based on these results, first we validated genes downregulation by qRT-PCR in AMO-1 and 

NCI-H929 cell lines treated with gapmeR against DIS3 for five days. Notably, both HMCLs 

tested showed a downregulation of these gene (Figure 25A). 

Analysis of purified primary MM plasma cells treated with gDIS3 at different time point also 

confirmed the downregulation of these transcripts, excepts for those transcripts (CCNB1 

and CDC20) that are involved in cell cycle progression and probably due to the reason that 

primary ex vivo CD138+ not duplicate (Figure 25B).  

 

 

Figure 25. Validation of gene expression data in NCI-H929 and AMO-1 cell lines. A Histogram of genes expression 

levels (5-day time point) in AMO-1 and NCI-H929 cells after DIS3 KD compared to CTRL (black line) and in primary tumors 

(B). NCI-H929 cell line were synchronized in G0/G1 phase by synchroset protocol. Cell cycle progression was monitored 

by PI staining and FACS analysis of the DNA content of cell at the time points indicated in CTRL and gDIS3 KD. *p < 0.05, 

**p < 0.01, ***p < 0.001, Student’s t test.   

 

6.5. DIS3 KD leads to a modulation of cell cycle checkpoint proteins 

The downregulation of cell cycle checkpoints genes following DIS3 silencing was confirmed 

by the Gene Set Enrichment Analysis (GSEA) in NCI-H929 cell line. 

Focusing on this pathway, we investigated proteins that are reported associated to the 

different cell cycle checkpoints. 
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As show in figure 26A-B DIS3 silencing resulted in a reduced levels of the cell cycle proteins 

valuated. Furthermore, Histone H3 variant CENP-A that plays a fundamental role in defining 

centromere identity and structure (90) showed a down-modulation (Figure 26A-B).   

 

 

 

 

Fugure 26. WB analysis on cell cycle checkpoint protein. A-B WB of cell cycle proteins in AMO-1 and NCI-H929 5 

days after delivery of gDIS3 gapmeR (5 μM) with the respective densitometry. The image shows a cell cycle scheme with 

the proteins evaluated and linked to the different cell cycle checkpoints.  

 

Also, DIS3 protein was investigated, and the downregulation was confirmed (Figure 27). 

DIS3 appears to be required for the optimal cell cycle development, activation of the spindle 

checkpoint, and for the fidelity of mitosis process.  
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Figure 27. WB on DIS3 protein. WB of DIS3 proteins in AMO-1 and NCI-H929 5 days after delivery of gDIS3 gapmeR 

(5 μM).  

 

6.6. The impact of DIS3 KD on mitotic spindle  

Correct progression through mitosis is essential for cell survival and proper cell division and 

as we demonstrated above, is carefully monitored by several proteins involved in cell cycle 

checkpoint. One of the major drivers of the complex genomic landscape in MM is genomic 

instability which promotes genome alterations during cell division. It is already known, as 

regard yeast and Drosophila melanogaster model, that RNase activity of DIS3 is required 

for proper mitotic cell division and correct chromosome condensation (60,91,92).   

We analyzed the changes in spindle organization in gDIS3 compared to CTRL condition in 

MM synchronize cell lines (Figure 28A); notably depletion of DIS3 causes mitotic defect in 

NCI-H929 and AMO-1 cell lines. In contrast to normal spindle localization and normal bipolar 

cell division in control cells, DIS3 KD results in a significantly higher presence of multipolar 

spindles during mitosis (Figure 28B). Spindle alteration observed in DIS3 depleted cells 

were quantified and plotted as a histogram (Figure 28C). These findings suggest that the 

spindle assembly checkpoint, a surveillance mechanism that ensures the fidelity of 

chromosome segregation during mitosis, might be defective in DIS3 depleted AMO-1 and 

NCI-H929 cells. 
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Figure 28. A Schematic representation of the experimental setup utilized to synchronized cell lines. Cells were 

seeded at day0 and treated with gDIS3 5µM, after 4 days were synchronized with 7,5µM RO-3306 for 24hrs. Cells were 

then treated with MG-132 for 90 minutes and fixed. B Imaging of metaphase spindle in NCI-H929 and AMO-1 cells treated 

with gDIS3 and control condition (left panel per cell lines). Representative images of multipolar spindles in both cell lines 

following gDIS3 knockdown (right panel per cell lines). Cells were stained with anti-Tubulin, DIS3 and DAPI. Scale bar, 

5µm. C Percentage of mitotic cells with defective spindle in NCI-H929 and AMO-1 cells treated with gDIS3 versus CTRL. 

 

 

6.7. Biological effect obtained by DIS3 KD in combination with ARRY-520 drug  

The mitotic defects observed DIS3 silenced cells suggest that the lack of DIS3 could 

sensitize MM cells with to drugs that act on mitosis and in particular on spindle organization.  
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For these reasons we try to evaluate the effects of DIS3 silencing in combination with ARRY-

520 a drug currently tested for MM treatment (93,94), which causes inhibition of cell 

proliferation via preclusion of proper mitotic spindle assembly. 

The rationale of the experiment is given by the mechanism of action that ARRY520 carries 

out: cause inhibition of cell proliferation via preclusion of proper mitotic spindle assembly. 

To this aim, we treated AMO-1 and NCI-H929 cells with ARRY-520 in presence or not of 

DIS3 gapmeR and then we evaluated the number of viable cells in each sample at 4 days; 

as show in Figure 29A, DIS3 KD with ARRY-520 treatment resulted in a marked reduction 

in cell growth compared to single treatment. Furthermore, the combination revealed a 

pronounced spindle alteration (Figure 29B).  

These results indicate that DIS3 silencing triggers a sensitizing effect to ARRY-520 drugs. 

 

 

 

Figure 29. Growth curve and immunofluorescence of DID3 KD in combination with ARRY-520. A Growth curve of 

NCI-H929 and AMO-1 treated with gDIS3, ARRY-520 and combo, compared to CTRL condition. Cells were treated at d0 

with gapmeR gDIS3 5µM (orange), at day1 were added filanesib 1nM (violet) and combo gDIS3 plus filanesib 1nM (green), 

or DMSO (blue). B Imaging of metaphase spindle in NCI-H929 and AMO-1 cells treated with gDIS3, ARRY-520 (1nM), 

combo and control condition. Representative images of spindles in both cell lines. Cells were stained with anti-Tubulin and 

DAPI. Scale bar, 5µm. 
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7. Discussion and Conclusions 

 

To date, MM remains an incurable malignancy characterized by a clonal expansion of bone 

marrow plasma cells with a heterogeneous and complex genomic landscape. Copy number 

alterations and structural changes due to genomic instability are characteristic of MM (84). 

There are two types of chromosomal instability: numerical and structural. The copy number 

alterations (CNAs) can be amplifications or deletions of chromosome (20,95). The second 

type of chromosomal alterations are characterized by structural changes, such as random 

rearrangements, inversions or translocation, manly involving chromosome 14q32 and a 

large array of different loci (96). Cells subject to chromosomal instability have an increased 

probability to acquire mutations, sometimes reaping benefits that lead tumor adaptability 

(97). This instability is revealed by the malfunction of genes involved in the mitotic network, 

DNA replication and transcription regulation (98). 

 

There are several genetic events, defined primary and secondary, involving in the 

transformation and progression of a multistep pathology such as MM.  

Within this scenario, an important role is attributed to DIS3, whose mutation is linked to one 

of the primary genetic events such as the monosomy of chr13/del(13q).  DIS3 encodes for 

an exoribonuclease that acts from the 3’ end, and is localized on chromosome 13.  Important 

about 50% of MM patients carry a monoallelic condition as regard chromosome 13.  

A study developed by the Intergroupe du Francophone du Myélome demonstrate that the 

14q32  (involving the immunoglobulin IgH locus) and 13q chromosomal abnormalities are 

the most frequent ones and are not randomly distributed, but they are strongly 

interconnected and associated with clinical status and prognostic presentation (99). 

In MM disease, DIS3 mutations were identified in about 13% of patients and the 

transcriptional signature associated to DIS3 mutations indicate mostly the impairment of the 

RNA exosome function and the DIS3 ribonucleolytic activity.  

As demonstrated in HEK293 cells, DIS3 mutations is associated with theaccumulation of 

exosome substrates, such as tRNA, rRNA, PROMPTs and RNA polymerase III; causing 

aberrant RNA metabolism and slower proliferation (56) .   

 

In B cells, DIS3 was found highly expressed during the transition from pro to pre-B cells, 

where the V(D)J recombination occurs.  
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DIS3 targets sites of somatic hypermutation (SHM) and class switch recombination (CSR), 

facilitating AID recruitment. Since PROMPTs and Enhancer RNAs (eRNAs) expressed from 

active promoters and enhancers are among the most prominent DIS3 substrates, even the  

slight increase in B- cells mutational rate bearing the mutated DIS3 in the short period of 

SHM and CSR can significantly impact oncogenesis. Although AID participates in class 

switch recombination, the MM associated DIS3 variants are clinically predominantly related 

to pathological translocations rather than point mutations (55). Analysis of mutation 

signatures in MM patients shows a correlation between DIS3 mutations and lesions 

associated with DNA stress.   

 

My work was focused to investigate the involvement in genomic complexity and to 

characterize functional and biological relevance of DIS3 in MM. 

At first, I explored the impact of DIS3 mutations and their association with chromosome 13 

deletion or the biallelic condition in the transcriptional signature and clinical outcome. 

Then, I explored the physiological contribution of DIS3 in MM cell lines, taking advantage of 

a loss of function approach by performing the gymnotic delivery of the DIS3-specific LNA-

gapmeR (gDIS3#13).  

Therefore, my  work is shared into two parts:  

 

1. The impact of DIS3 mutations in the clinical outcome and their related transcriptional 

signature.  

Using CoMMpass dataset we investigated the type and frequency of DIS3 mutations in MM 

and their impact on the transcriptional signature and the clinical outcome.  

In agreement with previously reported data (15,54,105), we assessed DIS3 mutations  

frequency in NDMM at 10%, associated with del(13q); the bi-allelic events range is about 

72% of the observed cases. Most DIS3 mutations are missense. Indeed, about 100 

missense single nucleotide variants have been reported, localized mainly in the two catalytic 

subunits of the protein.  

The lack of truncating mutations, together with their clustering at the level of particular 

codons, is not typical of a tumor-suppressor gene and may suggest an oncogenic potential 

for DIS3. 

This this consideration and the lack of further evidence do not make it clear what role DIS3 

plays in MM, whether it is a tumor-suppressor or oncogene. 

 



 

 

- 65 - 

From the analysis DIS3 mutations showed a clear pattern of co-occurrence with other 

molecular alterations, in particular with chromosomal translocations. This phenomenon 

could be explained through the interaction between the RNA exosome and the protein 

Activation-Induced Cytidine Deaminase (AID) during the process of class switching and 

hypermutation of B-cells (61).  

Indeed, during germinal center development of B lymphocyte, AID generates different type 

of mutations through a mechanism still not well understood. AID is currently thought to be 

the master regulator of the secondary antibody diversification. It is involved in the initiation 

of three separate immunoglobulin (Ig) diversification processes: somatic hypermutations, 

class switch recombination and gene conversion. The RNA exosome plays a fundamental 

role in degrading germline transcripts at repetitive and G-rich switch regions, necessary for 

class switch recombination during B cell activation (101). As a matter of fact, it is reported 

in the literature, that the expression of the RNA subunits complex includes DIS3, is 

increased during V(D)J recombination in bone marrow B cells and regulates germline 

transcripts normally processed by the RNA surveillance machinery (102). Therefore, 

through the disruption of an interaction with AID, DIS3 mutations could indirectly cause a 

targeting error of the somatic hypermutation process leading to chromosomal translocations. 

 

In particular, we observed that DIS3 mutations are associated with patients carrying 

translocation t(4;14), a molecular lesion associated with a poor prognosis MM subgroup 

(100). Moreover, our analyses pointed out that t(4;14) significantly occurred in patients with 

the bi-allelic lesions. 

Notably, another oncogenic event frequently co-occurring with DIS3 mutations is 1q gains. 

This chromosomal aberration results in the positive regulation of mitosis entry and the 

deactivation of TRAF2 gene associated with the regulation of the NF-κB signaling pathway 

(54). 

These data suggest that mutations in DIS3, along with other oncogenic events, may 

contribute to greater genomic instability in MM. 

 

Overall, this spectrum of molecular lesions suggests that there is a functional constraint of 

cooperating oncogenic events in MM. The occurrence of later lesions seems to be restricted 

by those appearing first in the transformed cell. With regards to this, DIS3 mutations were 

found to be both clonal in some patients and sub-clonal in others, indicating that they might 

be both early or late hits (54,103).  
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This study established that bi-allelic lesions of DIS3 significantly affect PFS, whereas the 

monoallelic condition predicted worse OS. Notably, these alterations remain valuable 

independent predictors also when tested in combination with the clinical and poor prognosis 

molecular variables used to predict the clinical outcome.  

The differential impact of the monoallelic or bi-allelic lesions on MM outcome could be 

explained by our results showing two patterns of DIS3 lesions:  

• del(13q) co-existing with non-hotspot DIS3 mutations. 

• hotspot DIS3 mutations which rarely show bi-allelic events. 

Again, this is a rather intriguing pattern that may suggest either haploinsufficiency for some 

mutations and not others, or a different function with some mutations showing loss and 

others showing gain of function. This might also explain the different clinical consequences 

on PFS and OS observed with the two genetic statuses.  

Indeed, previous reports showed how different types of DIS3 mutations could lead to 

different biological effects either by impairing the exosome function through a 

reduced/modified DIS3 activity (56), or through a dominant negative effect exerted by 

mutated DIS3 on the other exosome catalytic subunits, such as EXOSC10 acting in the 

exosome complex and harboring only endoribonuclease activity (29).  

 

As expected, we showed that DIS3 mutations affected the transcriptome. Interestingly, our 

analyses showed the up-regulation of several cell signaling pathways, including those 

associated to the interferon response, TNFα, NFKB or B-cell receptor (104).  

Furthermore, we observed in DIS3 mutated samples negatively modulated genes implicated 

in DNA repair process and chromatin modifying enzymes, whereas genes involved in 

chromatin organization and the cell cycle check points, particularly those regulating the 

mitotic spindle checkpoint, were found up-regulated. Overall, these data suggest that DIS3 

may have a role in mitotic fidelity as described in yeast, where DIS3 mutations or DIS3 loss 

are associated with defects in the mitotic spindle formation and excessive chromatin 

condensation (91,105).   

Based on these observations, mutated or deregulated DIS3 gene could help drive or 

increase genome instability, which is a very common feature in MM. 

 

Our interest has also turned to the non-coding portion of DIS3, which are also known to play 

a role in genomic instability in MM (106).  



 

 

- 67 - 

DIS3 is a key component of the multisubunit RNA exosome complex in eukaryotic cells 

involved in the processing, quality control and degradation of virtually all classes of RNA. 

Our study further supports and extends the notion that DIS3 mutations affect the 

transcriptome, showing a stronger impact on noncoding RNA species, mainly lncRNA.  

In this work, we highlighted 12 lncRNAs, 5 of which are independent predictors of poorer 

OS and 9 of worse PFS, 2 are independent predictors both OS and PFS: AC015982.2 and 

AL445228.3. As regards AC015982.2, today nothing is reported in literature, whereases 

AL445228.3 is associated to poor prognosis in Willms tumor (108).    

Moreover, the clinical impact of the 9 lncRNAs predicting lower PFS when expressed at 

higher levels was independent of the DIS3 genetic status. 

The impact of these 12 lncRNAs on the pathobiology of MM disease remains to be fully 

elucidated; indeed, they all are novel transcripts, none of them currently reported as 

associated with cancer. 

Interestingly, some of them showed a strict correlation in terms of expression levels with the 

corresponding nearby genes, thus suggesting a cis-regulatory relationship between the 

paired transcripts. Although these findings need to be further investigated, this could be the 

case for genes involved in fundamental molecular pathways, such as MGST3, involved in 

the production of leukotrienes and prostaglandin E, which are important mediators of 

inflammation (109); ASH1L, histone-lysine N-methyltransferase already known to be 

involved in cancer (110); and MSTO1, important for mitochondrial fusion and intracellular 

distribution (111).  

Finally, the expression of four of these lncRNAs was validated in NDMM samples by 

quantitative RT-PCR showing their significant overexpression in DIS3 mutated as compared 

to unmutated MM cases. 

 

Overall, our assessment considering the clinical and transcriptional consequences of DIS3 

mutations or deficit in MM indicates that in both conditions it may play a highly important role 

in the mechanisms of transformation and progression of MM.  

Furthermore, it would be important to characterize lncRNAs associated with DIS3 mutations 

as they could play a role in different tumor-associated processes, as demonstrated in the 

literature for other already well characterized lncRNAs (89,112). 

These results led us to the publication of an article on Haematologica of which I am co-

author (Todoerti K. et al., Haematologica 2022) (113). 
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2. Molecular and Functional characterization of DIS3 relevance in HMCLs 

The results obtained in the first part of the thesis work are mainly focused on the 

identification of the transcriptional profile and the clinical impact of the mutations linked to 

DIS3, not only as a single event but also in association with the deletion of chr13 and the 

biallelic alteration. These data prompted me to investigate the impact of the lack of DIS3 in 

MM,  

Already available literature data have highlighted the role of DIS3 in the regulation of cell 

cycle progression and in the correct development of mitosis (59,114). Nowadays, with the 

exception of the observation obtained in Drosophila, which indicates  that DIS3 silencing 

leads to early larval arrest and reduces tissue growth (56,57,115), the DIS3 role in higher 

eukaryotic model system has not been rigorously studied. In this work, we aimed  to clarify 

how DIS3 regulates the cell cycle progression and the proper kinetochore development and 

function.  

 

To address this issue, I began to investigate the impact of the lack of the physiological DIS3 

activity in MM by silencing DIS3 expression in two MM cell lines: one was wild type for DIS3 

and the other carried the deletion of chromosome 13 and therefore only one functioning 

allele.  

 

I used a loss-of-function approach with the LNA-gapmeR ASO technology which has proved 

to be an exceptional tool for obtaining strong and long-lasting transcript silencing.  

Overall, I have obtained significant results in terms of silencing efficiency and biological 

effects, such as marked reduction in cell growth, increase in the apoptotic percentage and 

reduction of the clonogenic potential.  

Since the most consistent biological effect obtained is related to a significant reduction in 

cell growth and, as mentioned above, the involvement of DIS3 in interfering with cell 

progression is known, I investigated this aspect in MM cells. 

At first, cell cycle distribution was investigated in unsynchronized MM cells by flow cytometry 

after DIS3 silencing and we observed an increase in cell population in the G0/G1 phase of 

the cell cycle and a reduction in the subsequent phases. 

This effect was more pronounced in the NCI-H929 cell line which carries the deletion of 

chromosome 13 than in the AMO-1 cell line without 13q abnormalities.. 
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Considering this evidence, we aimed to study in a cleaner way the distribution of the cell 

cycle in DIS3 silenced cells, using synchronization to better studying events that take place 

in specific phases of the cell cycle. 

The results of the synchronization showed a significant percentage of cells arrested in 

G0/G1 with impairement in the progression to S phase consistent with the effect observed 

in yeast and drosophila (58,60). Morever, we observed a  reduction of the M phase which 

consistent with mitotic defects associated with the lack of DIS3 in the same models already 

reported. 

The results experiments showed that DIS3 could be involved in regulating cell cycle 

progression also in MM cell lines. 

 

To understand if DIS3 cell cycle regulation occurred at transcriptional level, we investigated 

the transcriptional profile of the NCI-H929 cell line after DIS3 silencing.  

Transcriptomic analysis on DIS3-silenced NCI-H929 cells highlighted  a large amount of 

differentially expressed genes.  

Among the limited number of significantly upregulated genes, many are involved in 

extracellular matrix degradation, DNA and histone epigenetic modifications, DNA 

recombination and repair.  

However, upn DIS3 silencing, the most genes were significantly downregulated and 

included genes involved in cell cycle checkpoints (according to the observed biological 

functions), chromosomal organization, and RNA metabolism. The observed down-regulation 

of the RNA metabolism pathway is in line with the RNA processing and degradation activity 

carried out by DIS3, in fact the modulation of this pathway is also a confirmation of the good 

silencing of DIS3 obtained. 

 

Interestingly, among DIS3-regulated genes we found RAD51B and ARID5B; CCNB1, 

CDC20, KIF14, TOP2A and POLR2H, all involved in the cell cycle process. In particular, 

CCNB1 is essential for cell cycle control at the G2/M transition; CDC20 acts as a regulatory 

protein by interacting with the anaphase/cyclosome (APC/C) promoter complex; KIF14 a 

microtubule motor protein with ATPase activity that plays an important role in cell division, 

cytokinesis and also cell proliferation. TOP2A is a DNA topoisomerase which alters the 

topological states of DNA during transcription and POLR2H which is an RNA polymerase, 

its role is to catalyze the transcription of DNA into RNA. 
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What we know from the literature is that the RNA exosome complex is associated with 

transcription elongation and termination (116,117) and that DIS3 is key factor of this complex 

required for the proper chromatin formation and for the establishment of the interaction 

between kinetochore and microtubules; what we have observed is that silencing of DIS3 

leads to a reduction of POLR2H which could result in a reduced accessibility of chromatin.  

 

In our study we also highlighted that DIS3 silencing led to significant downregulation of two 

other genes, ARID5B and RAD51B. In particular, ARID5B is a protein that plays a crucial 

role in HR, it safeguards genome integrity and gives cells the ability to fend off DNA damage-

induced apoptosis (118,119). RAD51 also promotes the progression of the replication fork 

by blocking its collapse , ensuring cell proliferation. 

Furthermore, RAD51 controls cell cycle progression by maintaining the G2/M transition.  

Since RAD51 is an essential protein for DNA damage repair systems, we might expect that 

its downregulation induced by DIS3 silencing could lead to an increased level of cellular 

DNA damage.  

The preservation of genomic integrity relies on the ability of cells to undergo cell cycle arrest 

after DNA damage repair system.  

A transcriptomic change related to DNA damage suggests the possible involvement of DIS3 

deficiency in DNA damage, but further assays should be performed to confirm this 

hypothesis. 

 

The transcripts mentioned above were subsequently validated not only in NCI-H929 and 

AMO-1 cell lines, but also in malignant plasma cells derived from patients and silenced for 

DIS3. Unfortunately, with the exception of CCNB1 and CDC20,  we could not confirm the 

involvement of the analysed transcripts in the cell cycle regulation of primary MM cells, 

possibly due to reduced mitotic activity of malignant plasma cells when cultured in vitro. 

   

Overall, the transcriptional results suggest that DIS3 KD plays a significant role in the 

regulation of pathways associated with the cell cycle, and this is consistent with what has 

been reported in the literature, except for myeloma. This prompted us to evaluate not only 

at the transcriptional level but also at the post-transcriptional level some of the proteins that 

are part of the cell cycle checkpoints. 

Normally, the accumulation of Cyclin A creates a decision window from G0/G1 to enter in S 

phase and to initiate DNA replication and in this case, we observed a decrease of Cyclin A 
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protein in DIS3 silenced cells. Subsequently, the accumulation of cyclin A/B-CDK1 complex 

creates a second decision window (120). At this point the spindle assembly checkpoint 

(SAC) prevents chromosome mis-segregation and errors by delaying sister chromatid 

separation until all chromosomes have achieved bipolar kinetochore–microtubule 

attachment (121). This delay is obtained by inhibiting a complex of specific proteins 

(anaphase-promoting complex/cyclosome, APC/C) through the activity of spindle 

checkpoint proteins which are recruited to unattached kinetochores (121). Furthermore, 

CDC20 is a critical checkpoint effector of mitosis and its overexpression is associated to 

several cancer type, included MM (122,123). 

Interestingly in our experiments, we observed a decrease in CDC20 protein levels and its 

phosphorylated fraction in DIS3 silenced cell lines. Furthermore, Histone H3 variant CENP-

A that plays a fundamental role in defining centromere identity and structure and a critical 

protein for the proper formation of mitotic spindle (90) showed a down-modulation in AMO-

1 and NCI-H929 cell lines. 

It should be noted that these results also confirm at the protein level the effect of DIS3 

silencing on the cell cycle perturbation.   

 

The reported mitotic cell cycle defects in cells lacking the function of DIS3 led us to examine 

the role of DIS3 exonuclease activity in mitosis. Literature data in Drosophila reported 

defects in mitotic spindles attributable to multipolar, disorganized and short microtubules. 

They also showed evidence of over-condensed chromosomes commonly observed when 

cells are blocked in mitosis, since chromosomal condensation occurs during the arrest (58). 

Thus these data suggested that DIS3 exonuclease activity is required for normal mitotic 

spindle formation. 

Consistent with the mitotic defects reported in Drosophila, we observed in MM cells silenced 

for DIS3 clear mitotic alterations such as multipolar spindles. The mitotic defect index of 

cells lacking DIS3 exonuclease activity suggest that these may be blocked or delayed in 

mitosis and that the exonuclease activity of DIS3 is required for mitotic exit. 

 

In order to provide a translational potential to our DIS3 silencing data, we investigated if 

DIS3 depletion could be synergize with a drug that acts on mitosis, namely ARRY-520, a 

kinesin spindle protein inhibitor that interferes with proper mitotic spindle formation, which is 

currently in clinical trials and has demonstrated clinical efficacy in patients with MM (81). 
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Our data indicate that DIS3-depleted cells, when treated with ARRY-520, showed an 

increased sensitization in terms of marked reduction in cellular growth with a more altered 

mitotic spindle than with single treatment. 

In conclusion, although the detailed molecular mechanisms through which DIS3 can 

influence cell cycle control and mitotic progression remain fully to be elucidated, based on 

the presented data we can hypothesize that DIS3 silencing is associated with a sensitizing 

effect in combination with ARRY-520, thus making its targeting a promising strategy for 

novel anti-MM combination therapies.   

 

Significant work is still needed to clarify how DIS3 regulates cell cycle progression. In 

humans, most multiple myeloma specific DIS3 mutations are clustered in its exonuclease 

domain and appear to reduce, but not eliminate, DIS3 exonuclease activity (28,53,54,56).  

Thus, DIS3 likely mediates its effects on cell division via exonucleolytic degradation or 

modification of specific RNA species that regulate cell cycle progression.  

Clearly, DIS3 could control the cell cycle also by targeting individual mRNAs or miRNAs. In 

support of this idea, in human myeloma cell lines and mouse NIH3T3 cells, reduction of 

DIS3 activity appears to decrease let-7 miRNA expression, causing increased expression 

of let-7 target genes, including RAS and MYC (124).  

An alternative, non-mutually exclusive model is that DIS3 might regulate cell division 

epigenetically. In yeast, DIS3 has been shown to associate with centromeric-repeat DNA, 

to promote heterochromatin silencing at centromeres, and to inhibit accumulation of 

noncoding centromeric repeat RNAs (60). Consistently, , small centromeric RNAs have 

been shown to regulate centromere formation and function in human cells (125).  

Further experimental data is needed to support these models with future work focusing on 

identifying DIS3-bound RNAs and elucidating the function of these RNAs or their encoded 

products on cell cycle progression.  

Finally, the approach shown in this work, based on the use of gapmeR technology to KD 

DIS3, provides clear experimental evidence that the reduction in DIS3 function has a 

biological impact on MM cells. We provided for the first time that DIS3 is required for the 

proliferation of MM cells, cell cycle progression and mitotic fidelity and may represent a new 

possible future target in MM. 
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Dissemination of results 

During my PhD, I disseminated my findings relating to DIS3 role in MM through an open 

access publication in an international journal. 

In fact, I am a co-author of the original paper published in 2022 titled "DIS3 mutations in 

multiple myeloma impact the transcriptional signature and clinical outcome" which was 

accepted for publication in the Haematologica jurnal. 

 

To further disseminate the results, during the PhD, I discussed my results in the presence  

of experts in the sector, participating at national and international conferences: 
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• Favasuli et al., Depletion of DIS3 in multiple myeloma causes extensive perturbation 

in RNA metabolism, cell cycle progression and mitotic checkpoint: implications for 
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Appendix 

Published paper entitled “DIS3 mutations in multiple myeloma impact the transcriptional 

signature and clinical outcome”.  
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