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ABSTRACT

DIS3 gene mutations occur in approximately 10% of patients with multiple myeloma (MM);
furthermore, DIS3 expression can be affected by monosomy 13 and del(13q), found in roughly 40%
of MM cases. Despite the high incidence of DIS3 mutations and deletions, the biological
significance of DIS3 and its contribution to MM pathogenesis remains poorly understood. Herein,
we investigated the functional role of DIS3 in MM, by exploiting a loss of function approach in
human MM cell lines. We found that DIS3 knockdown inhibits proliferation in MM cell lines and
largely affects MM plasma cells (PC) cell cycle progression, finally inducing a significant increase
of the percentage of cells in the GO/G1 phase and a decrease in the S and G2/M phases. DIS3 plays
an important role not only in the control of MM PCs cell cycle, but also in the centrosome
duplication cycle, which are strictly coregulated in physiological condition in the G1 phase. Indeed,
DIS3 silencing leads to the formation of supernumerary centrosomes accompanied by the
assembing of multipolar spindles during mitosis. In MM, centrosome amplification is present in
about a third of patients and may represent a mechanism leading to genomic instability. These
findings strongly prompt further studies investigating the relevance of DIS3 in the centrosome
duplication process; indeed, a combination of DIS3 defects and deficient spindle-assembly
checkpoint, can allow cells to progress through the cell cycle without proper chromosome

segregation generating aneuploid cells which finally lead to the development of MM.
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INTRODUCTION

Multiple myeloma (MM) is a hematological malignancy still incurable despite the recent
introduction of a large array of innovative therapies." MM is characterized by the abnormal
proliferation of plasma cells (PC) in the bone marrow (BM) and presents different clinical course
and a highly heterogeneous genetic background with both structural chromosomal alterations and
specific gene mutations affecting the expression and the activity of both putative oncogenes and
tumor suppressor genes.’

Among frequently mutated genes in MM, DIS3 has been reported to be mutated in roughly 10% of
patients with a significant impact in clinical outcome.*® Despite the detailed overview of DIS3
mutations, their functional consequences on MM pathogenesis remain largely unknown, to the point
that it is still unclear whether DIS3 behaves as an oncogene or a tumor suppressor gene.”® Aberrant
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expression of DIS3 has been reported in different tumor types; notably, monosomy 13 and

del(13q), which occur in approximately 40% of MM cases, could affect DIS3 expression.'**? DIS3

encodes for a highly conserved ribonuclease™™

that endowes the catalytic activity to the exosome,
a multi-subunit complex that processes and degrades RNA for gene expression regulation, mRNA
quality control, and small RNA processing.®*" Moreover, studies in Schizosaccharomyces pombe

18,19 20,21 and

have revealed functions of DIS3 in chromosome segregation, cell cycle progression,
spindle assembly.” DIS3 involvement in cell cycle regulation has been demonstrated also in
Drosophila melanogaster; in addition, DIS3 is required for the development of a multicellular
organism participating in cell type-specific RNA turnover.?® In humans, DIS3 has been described to
shape the RNA polymerase 11 transcriptome by degrading a variety of unwanted transcripts.? Data
concerning the functional role of DIS3 in myeloma are limited to a recent study reporting that DIS3
depletion in different cell types including malignant PCs causes a pervasive accumulation of
DNA:RNA hybrids that induces genomic DNA double-strand breaks, eventually leading to genomic
instability by increasing mutational load.?

In this study, we aimed to expand our knowledge on the biological role of DIS3 in the disease by
investigating the functional consequences of its depletion in myeloma cells. Our data indicate that

DIS3 silencing causes a marked perturbation in cell cycle progression and mitotic process.



METHODS
Full details of quantitative real-time PCR, cell cycle analysis and apoptosis, immunofluorescence,
gapmeR design and gymnotic delivery, proteomic assays, and gene expression analysis are provided

in Supplementary Methods.
Multi-Omics Data in CoM M pass Study

Multi-omics data about BM MM samples at baseline (BM_1) were freely accessible from the
MMRF CoMMpass Study (https://research.themmrf.org/) including more than 1000 MM patients
from several worldwide sites and retrieved from the Interim  Analysis 15a
(MMRF_CoMMpass_IA15a, accessed on 16 October 2020). Details about the molecular and
clinical data of the CoMMpass cohort selected for the present study are described in Supplementary
Methods.

Statistical and Survival Analyses

Wilcoxon rank-sum and Kruskal-Wallis tests were applied to assess differential expression patterns
between two or multiple molecular groups. Dunn’s test was used for pairwise comparisons. P-
values were corrected using the Benjamini-Hochberg (BH) method, and adjusted p-values <0.05
were considered significant. Survival analyses were performed as described in Supplementary
Methods.

MM Cell Linesand Drugs

AMO-1 was kindly provided by Dr. C. Driessen (University of Tubingen, Germany). NCI-H929
and U266 were purchased from DSMZ, which certified authentication performed by short tandem
repeat DNA typing. All human MM cell lines (HMCLs) were immediately frozen and used from the
original stock within 6 months. HMCLs were cultured in RPMI-1640 medium (Gibco®, Life
Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS), 50 U/ml
penicillin, and 50 pg/ml streptomycin (Gibco®) at 37°C in 5% CO, atmosphere, and routinely
tested to rule out mycoplasma contamination.

For cell cycle analyses, cells were synchronized with Synchroset kit (EuroClone, Milan, Italy). For
mitotic analyses, cells were synchronized with RO-3306 and MG-132 (Selleckchem, Aurogene,
Rome, Italy).

Primary Patient Cells

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). The purity of immunoselected cells was assessed by flow-cytometry analysis

using a phycoerythrin-conjugated CD138 monoclonal antibody by standard procedures. CD138"
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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).

Ethics approval and consent to participate

Written informed consent was obtained from all patients in accordance with the declaration of
Helsinki. The study was approved by the Ethical Committee of the Fondazione IRCCS Ca’ Granda
Ospedale Maggiore Policlinico (N°575, 03/29/2018).



RESULTS

DIS3 expression in MM correlates with molecular subtypes

To gain insight into the role of DIS3 in MM, we start exploring its expression in pathological
sample compared to the normal controls. In detail, we investigated DIS3 expression levels in a
proprietary, publicly available, RNA dataset profiled by microarrays that includes four healthy
donors, 130 MM, 24 primary plasma cell leukemia (pPCL), and 12 secondary PCL (sPCL) patients
(GSE66293). Considering that DIS3 expression levels could be affected by the presence of
chromosome 13 deletion (dell13), we stratified patients based on the presence of this molecular
lesion. We found that MM, pPCL and sPCL patients without del13 showed DIS3 expression levels
significantly higher than normal controls; conversely, pathological samples with del13 displayed
DIS3 expression levels comparable to normal controls (Figure 1A).

Next, we focused on the expression pattern of DIS3 in MM by taking advantage of a large cohort of
MM patients enrolled in the Multiple Myeloma Research Foundation (MMRF) CoMMpass study.
To this end, we evaluated MM PC expression levels from 774 MM patients included in the
CoMMpass dataset (Figure 1B). In detail, DIS3 expression spanned a limited range of estimated
values (3.3-43.2; median: 13.16) of transcripts per million (TPM). In addition, MM with t(11;14)
chromosomal translocation showed DIS3 expression levels significantly higher than patients with
other translocations (namely t(4;14), MAF translocations, MYC, double translocations) or negative
for any translocations.

To assess DIS3 expression profiles in relation to major molecular aberrations in MM, we
investigated 660 MM patients of the CoMMpass cohort for which expression, Non-Synonymous
(NS) somatic mutations, and Copy Number Alterations (CNAs) data were available by RNA-
sequencing (RNA-seq), Whole Exome Sequencing (WES) and next generation sequencing (NGS)-
based FISH (FISH-WES), respectively (Supplementary Table S1).

We observed that the presence of del13 is associated with a reduction of DIS3 expression levels.
Interestingly, significantly higher DIS3 expression levels were observed in MM patients carrying
t(11;14), in particular in those without dell3 alteration (Supplementary Figures S1A and S2A).
Significantly higher DIS3 expression levels were also found in MM patients carrying NS somatic
mutations in the RASYBRAF or FAM46C genes, whereas lower expression levels were evidenced in
samples with 1qg-gain, dell3, t(4;14), or DIS3 gene mutation (Supplementary Figure S1A).
However, concerning patients with DIS3 mutations, we observed that samples with DIS3 hot-spot
mutations display DIS3 expression levels higher than MM patients carryng not hot-spot DIS3
mutations (Supplementary Figure S2B). No significant differences in DIS3 expression levels were
observed in relation to del(17p)/TP53, t(6;14), MYC or MAF translocations, del(1p), the occurrence
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of NS somatic mutations in TRAF3 or TP53 genes, or hyperdiploid (HD) cases (Supplementary
Figure S1B).

Finally, in order to investigate the relevance of DIS3 expression levels in clinical outcome, we
considered 767 MM patients of the CoMMpass dataset with available clinical data. High versus low
expression groups were determined according to the median cut-off value for DIS3 expression level
across the entire dataset. Our data showed that DIS3 expression levels did not affect clinical
outcome either in terms of overall survival (OS) or progression free survival (PFS) (Supplementary
Figure S3).

DI S3 knockdown inhibits proliferation in MM cell lines and affects cell cycle progression and
distribution

To investigate the functional role of DIS3 in MM, we exploited a loss of function approach by using
LNA-gapmeR anti-sense oligonucleotide (ASO) that triggers RNAse-H-dependent degradation of
transcripts. Specifically, we designed three “in-house” sequences (gDIS3#2/13/15) able to recognize
all three DIS3 isoforms (Supplementary Figure S4A) and tested them in the AMO-1 HMCL by
using electroporation. Among them, the gDIS3#13 gapmeR showed the strongest silencing
efficiency (nearly 70%) after 24hr (Supplementary Figure S4B). To achieve a more pronounced and
prolonged knockdown (KD) effect, we optimized its gymnotic delivery;® the strikingly
downregulation of DIS3 at both the transcriptional and protein level obtained in different HMCLs,
AMO-1, NCI-H929 and U266 (Figure 2A and B), suggested this strategy as valuable tool for
subsequent investigations.

In particular, we found that in AMO-1, NCI-H929 and U266 cells DIS3-KD was associated with a
significant reduction of the cell growth and an increase in apoptosis at 6 days after gDIS3#13
delivery (Figure 3A-B). Notably, HMCLs showed the same phenotype at 48hr post electroporation
by using an RNA interference strategy (Supplementary Figure S5). Furthermore, DIS3-KD
dramatically reduced (fold change 5-10) the clonogenic potential of MM cells (Figure 3C). Finally,
we evaluated the biological effects of gDIS3#13 ex-vivo on primary CD138" tumor cells purified
from the BM of four MM patients. DIS3-KD leads to an important alteration of cell morphology,
causing cytoplasmic vacuolization, which suggests a suffering cell phenotype, and affecting the cell
membrane integrity to one typical of apoptotic cells (Figure 3D), in agreement with the reduced
viability of gDIS3#13 treated primary cells (Supplementary Table S2).

To inspect whether the inhibitory effects on proliferative potential of DIS3 silencing are associated
with specific changes in cell cycle progression, we analysed AMO-1 and NCI-H929 cells silenced
with gDIS3 for 4 days. DIS3-KD in HMCLs caused a significant increase in the number of cells in
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the GO/G1 phase of the cell cycle, and a decrease of the percentage of cells distributed in the S and
G2/M phases, indicating GO/G1 cell cycle arrest (Supplementary Figure S6). To investigate more in
detail the alterations in cell cycle progression, we synchronized HMCLs by using the Synchroset
reagent, and followed cell cycle progression at different time points (Supplementary Figure S7) by
collecting samples before block, during and after release (Supplementary Figures S8-S10). In
agreement with previous results, we found that AMO-1, NCI-H929 and U266 exhibited a
modulation of cell cycle phases distribution after DIS3-KD, with a significant increased percentage
of GO/G1 phase events and a decrease of the S and G2/M phases (Figure 4A-B).

To further confirm that DIS3-KD results in a perturbation of cell cycle progression in HMCLs, we
investigated proteins that are reported as associated with the different cell cycle checkpoints (Figure
5). In line with cytofluorimetric analysis showing a cell cycle arrest in GO/G1 phase, DIS3-KD cells
showed a slight increase of CCNEL protein levels, whereas there was a decrease in the expression
levels of the cyclin A protein (CCNA2), whose accumulation creates a decision window to enter in
S phase and to initiate DNA replication. In agreement with a reduced G2/M phase of the cell cycle,
DIS3-KD cells displayed a reduction of both cyclin B (CCNB1) total protein and its phosphorylated
fraction (pCCNB1), whose accumulation in the cyclin A/B-CDK1 complex creates a second
decision window.?"?® CCNB1 expression changes during the different cell cycle phases, reaching its
maximum in G2/M transition. Cell entry into mitosis depends on the binding of CCNB1 to CDK1
to form the mitosis-promoting factor (MPF); CCNB1 phosphorylation promotes nuclear
translocation of MPF and is important for the decisiveness and irreversibility of mitotic entry.
However, MPF remains in the inactive state until phosphorylation of CDK1 (pCDK1). In our
experimental condition, gDIS3-treated NCI-H929 and U266 showed a consistent reduction of the
pCDK1 fraction; pCDK1 was not affected in gDI1S3-treated AMO-1 cell line, which, however,
reduces the total amount of CDK1 protein. Furthermore, we investigated CDC20 that is a critical
checkpoint effector of mitosis and its overexpression is associated with several cancer type,
including MM.%? In our experiments, we observed an important decrease in the expression level
of CDC20 protein but not of its phosphorylated fraction (pCDC20) in DIS3-KD cells. pCDC20 is
important in the early steps of mitosis; in late anaphase and G1 phase, CDC20 is dephosphorylated
and targeted for degradation by the proteasome; it will not be expressed again until S phase. Finally,
we observed a strong down-modulation of histone H3 variant CENP-A in all DIS3 depleted cells
tested; this protein plays a fundamental role in defining centromere identity and structure and is a

critical protein for the proper formation of the mitotic spindle.*

Transcriptional signature associated with DI S3 silencingin NCI-H929 cell line



In order to identify DIS3 downstream-related pathway in MM, we investigated gene expression
profiling of synchronized NCI-H929 cells after five days of gDIS3#13 gymnotic delivery. Out of
55540 globally analyzed genes, the expression of 4032 genes resulted significantly modulated (FDR
< 10%) by SAM analysis. They were virtually all down-regulated (3995 genes, 99%) in DIS3-
silenced cells, principally involving protein coding genes (2608 genes, 65%) and to a lesser extent
long non-coding RNAs (464 IncRNAs, 12%) (Supplementary Table S3). As expected based on
previous biologic results, chromosome organization, chromatin and histone modification, and cell
cycle checkpoint were recognized among the top 20 most significantly enriched GO Biological
Process terms (Supplementary Figure S11A). In addition, genes involved in serine/threonine protein
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 (Supplementary Figure S11B). In particular, numerous protein coding genes that were
significantly enriched in multiple annotation categories were linked to complex interactions,
regarding chromosome organization and nuclear division, or molecular activities on nucleic acids
and tubulin, resulted globally down-regulated in DIS3-silenced cells (Supplementary Figure S12).
Finally, to find possible molecular subsets of genes that were coordinately modulated in DIS3-
silenced cells in comparison to control NCI-H929 cells, Gene Set Enrichment Analysis (GSEA) was
performed on global annotated protein coding gene expression profiles and the most significant
gene sets were selected under stringent conditions (nominal p-value < 0.05 and FDR g-value <5%)
(Supplementary Table S4). Among the most significantly up-regulated gene sets in DIS3-silenced
NCI-H929 cells, some were involved in degradation of extracellular matrix and DNA and histone
epigenetic maodifications, whereas cell cycle checkpoint, chromosome organization, RNA
processing and degradation, DNA recombination and repair, regulation of TP53 activity and
numerous cell signaling pathways resulted among the most significant under-expressed gene sets in
DIS3 silenced cells (Figure 6 and Supplementary Table S4).

Based on our evidence that DIS3 can regulate cell cycle, chromosome organization and DNA repair
processes, we validated the expression of some genes involved in these processes by means of gRT-
PCR in DIS3 silenced AMO-1, NCI-H929, and U266 cell lines. In particular, we considered
RAD51B and ARID5B involved in Homologous Recombination (HR) and DNA repair process; in
addition, we investigated CCNB1, CDC20, the microtubule motor protein KIF14, the DNA
topoisomerase TOP2A and the RNA polymerase POLR2H, all of them involved in cell cycle
process. All these genes resulted down-regulated upon DIS3 silencing in all cell lines, (Figure 7A).

The down-regulation of these genes was also validated ex-vivo in DIS3-depleted primary CD138+
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tumor cells, except for CCNB1 and CDC20, likely because purified PCs hardly duplicate (Figure
7B).

DI S3 depletion affects mitotic spindle organization and geometry of MM cells

Considering previously reported data in yeast and drosophila indicating that DIS3-KD can impact
chromosome segregation and spindle assembly, and based on our evidence that DIS3-KD in
HMCLs leads to a decrease of CENP-A, which is fundamental for the proper formation of the
mitotic spindle, we investigated whether DIS3 depletion could affect mitotic spindle formation also
in MM PCs.

To obtain a significant number of mitotic cells to analyze, DIS3-KD cells were synchronized at the
M phases of the cell cycle (Figure 8A). In detail, cells were immunostained for DIS3, centrosomes
(y-tubulin), mitotic spindle fibers (o-tubulin), and nuclei were counterstained with DAPI. Notably,
we found that DIS3 silencing leads to the formation of supernumerary centrosomes accompanied by
important changes in mitotic spindle organization and geometry in HMCLs. Hence, in contrast to
control cells which displayed normal spindle localization and physiological bipolar cell division,
DIS3-KD cells showed the presence of multipolar spindles during mitosis (Figure 8B-C and

Supplementary Figure S13).

DISCUSSION

DIS3 aberrant expression has been described in different tumors types, including MM. Of note, the
frequent and almost specific occurrence of DIS3 mutations observed in MM impacts the clinical
outcome of the patients.> However, to date, DIS3 expression pattern and its functional and
pathogenic role in plasma cell malignancies has not yet been clarified. In this study, we investigated
the effects of DIS3 depletion in myeloma cells providing insights into its putative role in the
pathobiology of the disease.

First of all, we explored DIS3 expression in patients affected by MM or PCL and we found that
pathological samples expressed DIS3 transcript levels higher than normal controls; indeed, even in
patients carrying del13, despite their loss of heterozygosity, the amount of DIS3 transcript did not
fall below the levels of normal controls. Our analysis showed that DIS3 expression levels do not
impact MM clinical outcome in patients included in the CoMMpass data set; however, this result
could be affected by the fact that the group with low DIS3 expression level is largely enriched in
cases with dell13 and/or t(4;14), whereas the group with higher DIS3 expression level is enriched in

patients with t(11;14) and/or hotspot DIS3 mutations (Supplementary Figure S2). Overall, these
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data suggest that the co-occurrence of different molecular alterations in MM patients could mask
the specific oncogenic function of DI S3 expression in the disease®.

Hence, the biological role of DIS3 was investigated in vitro by exploiting a loss of function
approach in HMCLs. Our experiments revealed that DIS3-KD largely affects cell cycle progression
in MM cells, leading to a decrease in the fraction of cells distributed in S and G2/M phases, and a
consistent increase of cells in the GO/G1 phase. These findings strongly suggest an important role of
DIS3 in the control of the G1 phase of the cell cycle. In agreement with this idea, we found that in
the CoMMpass dataset, MM patients with t(11;14) and high expression levels of CCND1, which is
necessary for the transition from the G1 to the S phase of the cell cycle, are those significantly
associated with the highest DIS3 expression levels (Supplementary Figure S1).

The prominent role of DIS3 in the G1 phase is also suggested by the fact that in different cell types,
including HMCLs, DIS3-KD gives rise to a pervasive accumulation of DNA:RNA hybrids.”® R-
loops are three-stranded structures generated by the annealing of nascent transcripts to the template
DNA strand playing important roles in physiological processes; however, uncontrolled hybrids
production or lack of their immediate resolution through protein complexes, including RNases,
helicases, and topoisomerases can induce DNA damage and genome instability.** Importantly, the
inhibition of the key homologous recombination factor RAD51 leads to DNA:RNA hybrids
accumulation in the early G1 phase of the cell cycle,* indicating that R-loops metabolism mainly
occurs in the G1 phase.

Our results showed that DIS3 plays an important role not only in the control of cell cycle in MM
cells, but also in the centrosome duplication cycle, which are strictly coregulated in physiological
condition in the G1 phase of the cell cycle.*>*® Indeed, for the first time we identified that DIS3-KD
leads to the formation of supernumerary centrosomes that finally results in altered and multipolar
mitotic spindles in the M phase of the cell cycle of MM cells. The requirement of DIS3 RNase
activity for proper mitotic cell division and correct chromosome condensation has been already
described in yeast and Drosophila melanogaster models.?***"*° |n addition, S pombe DIS3
mutants have been shown to have elongated metaphase spindles and a block in metaphase to
anaphase transition.”” Smith et al. provide further evidence that DIS3 is involved in mitotic
progression by demonstrating that perturbation of DIS3 in S cerevisiae affects microtubule
localization and structure.” In MM PCs, we found that DIS3 could impact mitotic spindles
formation by affecting centrosome duplication.

Numerical and/or structural centrosome amplification (CA) is a hallmark of solid tumors and
hematological malignancies that is often associated with the aberrant tumor karyotypes and poor

clinical outcomes.””*" In MM, CA is present in about a third of patients and may represent a
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mechanism leading to genomic instability.*> However, CA clinical impact in MM is still debated
and existing contradictory results may be explained by the clonal heterogeneity of MM in which
each myeloma subclones with CA may be potentially associated with different clinical behavior
influenced by complex processes including mitotic dysregulation, apoptotic failure and
chromosome instability.***

The molecular mechanism by which DIS3-KD could induce formation of supernumerary
centrosomes remains to be elucidated. These mechanisms might involve consecutive rounds of
centrosome reproduction, or concurrent formation of daughter centrioles around the existing
centrioles, or via de novo centrosome assembly independent of pre-existing centrioles,* Our
transcriptional analysis revealed that genes involved in cell cycle checkpoint and chromosome
organization resulted among the most significant under-expressed ones in DIS3 silenced cells
(Figure 6 and Supplementary Table S4). Moreover, genes involved in serine/threonine protein
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 upon DIS3
silencing (Supplementary Figure S11B). In particular, several protein coding 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. Specifically, the downregulation of KIF14,
TOP2A and POLR2H, all of them involved in cell cycle processes, have been validated in vitro and
ex-vivo.

Our transcriptomic analysis also showed that genes involved in DNA methylation are over-
expressed in DIS3 silenced cells. This data is in agreement with the observation that most of
MRNA expression level is reduced after DIS3 knockdown despite DIS3 has ribonuclease activity,
overall suggesting that global gene downregulation may be a secondary effect of DIS3 deficiency
on DNA methylation.

Overall, our data prompt further studies to clarify the role of DIS3 in the centrosome duplication
process; indeed a combination of DIS3 defects and deficient spindle-assembly checkpoint, already
described in MM,*® can allow cells to progress through the cell cycle without proper chromosome

segregation, thus generating aneuploid cells which may lead to the development of MM.
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LEGEND TO FIGURES

Figure 1. DI S3 expression analysis in plasma cell dyscrasias. (A) Box plot of DIS3 expression
level in healthy donors (N) and PC dyscrasias (proprietary dataset, GSE66293). The 4 N are RNA
samples from bone marrow PCs purified (>90%) from normal individuals and purchased from
Voden (Medical Instruments IT). Total RNA samples from highly purified BM CD138+ plasma
cells were profiled by Gene 1.0 ST array. (B) Box plot of DIS3 expression level in main IgH
translocation groups in 774 cases of the CoMMpass cohort; trx.MAF: MAF translocation, trx.MYC:
MYC translocation, double.trx: presense of 2 translocations, trx.neg: absence of the considered
translocations. Kruskal-Wallis test was applied to assess differences in expression levels between
groups. The pairwise comparison were performed by the Dunn’s test; significant results are marked
red-bold in the tables.

Figure 2. DIS3 expression analysis in DI S3-depleted cells. (A) gRT-PCR of DIS3 mRNA in
AMO-1, NCI-H929 and U266 at the indicated time point; DIS3 mRNA expression was expressed as
272 relative to the housekeeping GAPDH gene and the scramble condition at the same time point
used as calibrator. (B) WB analyses of DIS3-KD in AMO-1, NCI-H929 and U266 cells. WB results

are quantified and plotted in histogram.

Figure 3. Functional impact of DI S3 depletion in MM cells. (A) Growth curves of AMO-1, NCI-
H929 and U266 following DIS3 silencing. (B) Flow cytometry analyses of apoptosis in AMO-1,
NCI-H929 and U266 6 days after treatment with gDIS3 (5uM). (C) Colony formation assay
performed on AMO-1, NCI-H929 and U266 treated for 21 days with gDIS3; representative pictures
of colonies at day 21 are also shown, **p < 0.01, ***p < 0.001, Student’s t test. (D)
Rappresentative images of May-Grunwald Giemsa staining of two CD138+ primary tumors treated

for 6 days with gDIS3 (50x magnification).

Figure 4. Cell cycle analysis in DI S3-depleted cells. (A) Cell cycle progression in synchronized
AMO-1, NCI-H929, and U266 cells was monitored by Pl staining and FACS analysis of the DNA
content of cells at 6 hrs after release. Percentage of cell cycle distribution is represented in the
histogram (B); standard deviation of three replicates are reported, *p < 0.05, **p < 0.01, ***p <
0.001, Student’s t test.
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Figure 5. WB analyses of cell cycle check point proteins. (A) Analysis performed in
synchronized AMO-1, NCI-H929 and U266 6 hr after release. For NCI-H929 cells, the evaluation
of pCDC20, CDC20 and CENP-A have been performed on the same blot, thus having the same
GAPDH control; to improve the overall symmetry of the figure and its comprehension, the same
GAPDH panel has been reported twice. (B) WB results are quantified and plotted in histogram. (C)
Histogram of the modulation of the phosphorylated protein fraction upon gDIS3 treatment,
calculated as ratio of phosphorylated protein to total protein in gDIS3-treated cells compared to the

ratio of phosphorylated protein to total protein in scramble-treated ones.

Figure 6. Transcriptomic analyses in DI S3-depleted cells. Enrichment plots of selected GSEA
gene sets significantly modulated in DIS3-silenced cells in comparison to scramble NCI-H929 cells;
GSEA was performed on global annotated protein coding gene expression profiles (19.048 genes)
and most significant gene sets were selected under stringent conditions (nominal p-value < 0.05 and

FDR g-value < 5%). Enrichment Score (NES) and nominal p-value are reported for each plot.

Figure 7. Molecular validation of transcriptomic analysis. (A) gRT-PCR validation of the
indicated genes in DIS3-depleted AMO-1, NCI-H929, and U266 HMCLs; gene expression was
expressed as 27°““' relative to the housekeeping GAPDH gene and the scramble condition used as
calibrator. (B) Ex-vivo validation of the indicated genes in DIS3-depleted primary CD138+ tumor
cells purified from 4 MM patients.

Figure 8. Images of metaphase spindlesin NCI-H929 and AMO-1 cells treated with gDI S3 or
scramble. (A) Schematic representation of the experimental setup used to synchronize cells. (B)
Representative images of multipolar spindles in both cell lines following DIS3-KD (right panel for
each cell line). Scale bar, 5um. (C) Percentage of mitotic cells with defective spindles in NCI-H929

and AMO-1 cells treated with gDIS3 versus scramble.

18



@ DIS3 expression level >

DIS3 expression level

10 -
9.5 .
9.0 |
8.5 |
8.0
7.5 |
7.0

40 |
30 .
20 -

10

t(11;14)

t(4;14)

trx.MAF  trx.MYC double.trx trx.neg

0 p=3.367e-10 L MM MM pPCL pPCL sPCL
— . e T del13- del13+ del13- del13 del13-
' — MM del13- [0.018
- — MMdel13+ | 043 0
‘ _ —— 7 | pPCLdel13- [0.018 0.26 0.0004
= : pPCL del13+] 0.13 0.037 0.0048 0.059
1 e sPCLdel13- [0.006 0.1 0 0.34 0.015
BE sPCLdel13+ | 0.18 0.14 007 0.1 0.48 0.047
70MM 60MM 6pPCL 18pPCL 7sPCL  5sPCL
dell3- dell3 + dell3- dell3 + dell3- dell3 +
: p=1.62e-15
—— Double
= g t(11;14) t(4;14) Trx.MAF Trx.MYC e
¢ Ly _ T t(4;14) 0.0000
s T | Trx.MAF | 0.0000 0.0590
’ Trx.MYC 0.0059 0.0120 0.1800
E E Double Trx | 0.0068 0.0500 0.3000 0.4000
= | Trx NEG 0.0000 0.0000 0.1500 0.3800 0.4700
162MM  99MM 43MM 24MM 17MM 429MM



1.00 ---

0.80

k% ok

A

Ini

ﬂ

0.60

o =
= N
o o

0.00

T=¥4DS 0} paiedwod

6P

1496
YeL
e bi17
4Yve
6P

1496
YeL
e b:1%
174
6P

1496
e [44
148y
Yve

uoissasdxa YNYW £S/d aAue|y

U266

NCI-H929

—

g o 8 o
T=¥4DS 01 pasedwod
[2n3] uioad €51a

U266
—

NCIH929

AMO-1
-

gDIS3
DIS3

GAPDH [ | | e | st

U266

NCI-H929

AMO-1



7AAD

% Apoptotic cell gDIS3/SCR

A ~—— AMO-1 SCR *ok
EE 3
= 2 ===+ AMO-1gDIS3 * &
‘;," = NCI-H929 SCR
2 15 ===+ NCI-H929 gDIS3
o —— U266 SCR
R ~ - U266 gDIS3
)
S
S 05
-
=
0
T= dl d2 d3 d4 d7 d9
Days of silencing
B
. AMO-1 NCI- H929 U266
1054020 4,46 105~o 16 330 | 10%10,39 10,9
i 4]
10*1 10 7
3
e 10°1 1071
(S 2
ol e % 1073
10188, 7,33 5,05 101-_31,9 6,76
TE g g gl QM S0 T B M M Y
10 10 10 10 10 10 10 10 1(}4105 10 10" 10 10 10
10°10,68 8,98 105£o 16 530 | 15°10,86 24,1
4 4 4] :
1077 103 1073
31
0 10 3 10%1
= 21
8 10 102 1021
1
. "2 | .1 _ 12,3 101593 5,27
1 i 2-| Pl 4"5 r-\T'—""r"'r""'"\‘"r iy T 1’..‘ 2" 3' ' 4 '5
10' 107 10° 10710 107 10° 10° 10™0° 10' 10° 10° 10710
Annexin V
C D SCR
SCR gDIS3
100 -
F' R H E
O +
= - o
< =
0 =3 C
n O
b4 2l 10
g 5 4
T 3 .
o -]
= n o
o
_ +
- a0 - )
S o
o 20 Q
o | o
0 =




AMO-1 NCI-H929 U266

A
A — _ e .
_ g8SCR | 15K 7 gSCR ] gSCR
1,5K - ] ]
4 600 -
] | G1 1,0K ] __G‘I
1,0K-j 1 400 _'
i 500 — 4
300 ] S 1 200 -
- — G2/M ‘ 1
o I 9 -
0 - L/\./\ 1 i
et | AT T T T 0 r— " = S S TRELEET LT 0 —B—T—q—é
g 0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K
(o) 2,5K |
O ] gDIS3 : gDIs3 | ] gDIS3
i 2,0K - 1
] 900 -
_ G1
1,0K - L5k §G1 1 ]
- 1 600 - l
1,0K J
500 — : 1
] ] G2/M ]
500 - o 300 - G2/M
J 1 2 | S
1 N =\ oM MA
T S | —r— LA A S o LA SR REAEL S S 1 T T T T
0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K
PE-A: PE-A G1 S G2/M
B AMO-1 NCI-H929 U266
* % . B gSCR it B 9SCR
B gSCR g - g
60 | . * 20i53 30 wes gis3 80 ¥ gpis3
_ 60 o sxx w 60 o
2 40 =2 — =
T T 40 E* Y 40
(%] o —_ ©
X 20 X 2. IH = 20 IH
Tl 8l 10 ' o ML B A0

5 I
GO/G1 S G2/M GO/G1 S G2/M G0/G1 S G2/Mm



NCI-H929  AMO-1 U266 NCI- H929 AMO 1 U266
2 + z + - + gDIS3 + gDIS3
= [ ][===]pcoc20 _ _ E‘I CCNE1
e | I | e [ 2| [ | [Staud| GAPDH
[ s | | w— o | [ e | GAPDH
[ ] [ | (@D CENP-A
[ (o— | oy gt | GAPDH ¢ 0o
M/G, checkpoint
G,/S checkpoint
o |
G2/M checkpoint oy
NCI- H929 /AMO- 1 U266 ]
+ gDIs3 (coki)
LI |L_I ] pecnen
[t e | ] 2 NCI-H929  AMO-1 U266
[ ] [ ] [ st DKL -+ -+ -+ gois3
Lo ] e | oo | ) ||| — e | [S——] ccnp2
(W | [ @ | s | GAPDH [P ]| [ | [ | GAPDH
B C
- 2.5 1.5
1]
o =
(&) =]
< 2 B
(1]
5 <% 1.0
? ce VTR TR
g 1.5 g Q
E = 0
E L
‘?j g 205
m
S 8 g
=05 > £
g II I 5
Q
3
g, I HII HII g 0
£ pCDC20 DCCNBI pCDK1
o
CCNE1 CCNA2 CCNB1 CDK1 CDC20 CENP-A CDC20 CCNB1 CDK1

ONCI-H929 @ AMO-1 @EU266 ONCI-H929 EmAMO-1 m

U266



Enrichment plot: REACTOME_DNA_METHYLATION
NES: 2.06

Nom. P-val: 0
FDR: 0.006

0.1

0.0

Enrichment score (ES)
o
5]

‘I (pasitively corelated)

0.5

Zero cross at 13606 - '—-::_.[

08 l

'D' (negatively caormelated)
4000 6000 8000 10,000 12000 14000 16.000 18,000
Rankin Ordered Dataset

o 2,000

Ranked list metric (Signal2Noise)
. o
(=]

|— Enrichment profila — Hits Ranking metric s:nresl

Enrichment plot:
REACTOME_RESOLUTION_OF_SISTER_CHROMATID_CO
HESION

—— : e S
Yoos NES: -3.01

(1]

B Nom. P-val: 0
£ 92 FDR: 0

5-0.4

2 05

=

w06

1" (positively conelated)

1L

05
k.“:\-a—-_—.. -
= Zero cross at 13008
0.5
-10 0" (negatively conelated) |
o 2000 4000 6000 8000 10000 12,000 14000 16,000 18,000

Ranked list metric (Signal2Noise)
= o
o

Rank in Ordered Dataset

I-— Enrichment profile — Hits Ranking metric s:ores‘

Enrichment plot: KEGG_RNA_DEGRADATION

0.0
8 o: NES: -2.36
5 02 Nom. P-val: 0
£ 03 FDR: 0
E -0.4
E 0.5

e L

I' t {positively conelated)

[
o

Zero cross at 13808 A

o
o
i

=]
in

o

'0 (negatively conelated)
o 2000 4000 6000 BO000 10,000 12000 14,000 16,000 18,000
Rankin Ordered Dataset

Ranked list metric (Signal2Noise)

— Enrichment profile — Hits Ranking metric scores

Enrichment plot:
REACTOME_HOMOLOGOUS_DNA_PAIRING_AND_STRA
ND_EXCHANGE

~— 0.0

]

&1 NES: -2.39

o

§ 02 Nom. P-val: 0

@

= 0.3 =

: FDR: 0

e 0.4

£ 05

c

W .oe 1

il ”WMM
2 i

% i'!’ {positively cormelated)

5 os |

2 e - ——

= a8 Tero cross at 13000 ey
E 05

%

S 1o ‘0 (negatively cornelated)

% o 2000 4000 6000 8,000 10000 12,000 14000 16000 18,000
el Rank in Ordered Dataset

|— Enrichment profile — Hits Ranking metric scoresl

Enrichment plot: HALLMARK_G2M_CHECKPOINT
0.0

NES: -3.45
Nom. P-val: 0
FDR: 0

o &
N

Enrichment score (ES)

1" {positively conelated)

L
in

Zero cross at 13808

o
i

o

"0 (negatively conelated)
o 2000 4000 6000 8000 10000 12000 14000 19,000 18.000
Rank in Ordered Dataset

Ranked list metric (Signal2Noise)
g
|

|—— Enrichment profile — Hits Ranking metric scoresi

Enrichment plot:
REACTOME REGULATION OF TP53 ACTIVITY

~ 0.00
-CI 05
-0,10
-0.15
-0.20
-0.25
-0.30
-0.35
-0.40
-0.45

NES 2 22
Nom. P-val: 0
FDR: 0.001

AL L

"1 {positively correlated)

Enrichment score

=4
m

| —

o
o

i
-ll'

Zero cross at 13008 e

&
n

‘0 (nega\lmy comrat-d) G

it i i .
o 2000 4000 8000 B.000 10000 12,000 14000 18,000 18.000
Rankin Ordered Dataset

Ranked list metric (Signal2Moise)

I—- Enrichment profile — Hits Ranking metric scores]




1.00

k% kk  kk k%

0.80
0.60

* k%

i

o o
- o
© o

0.00

HZY10d
VidOl
1A%
020ad
TANJD
a49daiyv
a1savy
HZY10d
VidOol
1A% 1)
02¢2ad
TENJD
a45aiyv
g15avy
HZY10d
Vidol
1A% 1)
022dd
TANJD
a4saiyv
a15avy

T=4)S 03 pasedwo)

uoissaldxa YNYW aAne|ay

U266

NCI-H929

AMO-1

M Pt.2
W Pt.4

OPt.1
B Pt.3

|

CCNB1 CDC20 KIF14 POLR2H TOP2A RAD51B ARID5B

HIIl |
DIS3

L I N Q < Q
e T B | o o

0.6
0.2

x
(<)

T=Y4)S 03 paJjedwod
uoissaidxa YNYW aA1e|9Yy



A gDIS3 RO3306 MG132

l 4 days l 24 hrs l 90 min

Day0 Day4 Day5

NCI-H929

w

gDIS3

DAPI
DAPI

g = =
= =
0 0
: : :
o e NCI-H929
£ L 50
o = O
2] .g O 40
Q = O M Bipolar
' = 30 .
> o] [] Defective
3
gJD E 20
= L ol
= o 10
= X
SCR gDIS3
SCR AMO-1
2 s0
= Q
& O 40
(=) O 30 H Bipolar
"5 [ Defective
= = 5
= =
a2 Y 10
= o ]
1 ==
5 ) 0
SCR gDIS3
)
2}
(]

Merge



SUPPLEMENTARY DATA

Supplementary methods

Multi-Omics Data in CoMMpass Study

Multi-omics data about bone marrow MM samples at baseline (BM_1) were freely available from
MMRF CoMMpass Study (https://research.themmrf.org/) and obtained from the Interim Analysis
15a (MMRF_CoMMpass_1A15a).

Transcript per Million (TPM) reads values of the DIS3 transcript were retrieved using Salmon gene
expression quantification data
(MMRF_CoMMpass_IA15a_ E74GTF_Salmon_V7.2_Filtered_Gene TPM) in 774 BM_1 MM
patients. Clinical data regarding Overall Survival (OS) and Progression free Survival (PFS) were
considered in 767 MM patients for which both RNA-seq expression and survival data were available.
Non-synonymous (NS) somatic mutation variants and counts data were obtained from whole exome
sequencing (WES) analyses, main IgH translocations were inferred from RNA-seq spike expression
estimates of known target genes and Copy Number Alteration (CNA) data were retrieved by means
of Next generation Sequencing (NGS)-based fluorescence in situ hybridization (FISH) [1] in 660 MM
cases for which all data were available [2]. The presence of a specific CNA was considered when
occurring in at least one of the investigated cytoband at a 20% cut-off for each considered

chromosomal aberration, as previously reported [2].

Survival analysis

Survival analyses were performed using survival [3-4] and survminer [5] packages in R Bioconductor
(version 4.0.0). Kaplan-Meier analysis was applied on OS and PFS data in DIS3 high/low expression
groups according to median DIS3 expression level, using survminer package. Log-Rank test p-value

was calculated to measure the global difference between survival curves.

siRNA and in vitro HMCLs transfection

DI1S3 silencing was obtained by using ON-TARGETplus siRNAs targeting DIS3 and a non-silencing
negative control siRNA (siSCR) (Dharmacon). NCI-H929 and AMO-1 cells were seeded at 0.1x 10°
cells/0.5mL), and transfected by Neon Transfection System (Invitrogen, CA, US), with the following
electroporation conditions: 1100 V, 30 ms, 2 pulse. siRNA was used at 200 nM concentration. The
transfection efficiency was evaluated by comparative qRT-PCR. Cells were incubated at 37° C and
collected at 24-48 hrs after transfection to assess the downregulation of DIS3 by gRT-PCR and then
by Western blot analysis.



Design of GapmeRs and in vitro transfection of HMCLs

LNA gampeR oligonucleotides were provided by Exigon (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 100 nM. The
transfection efficiency was evaluated by comparative gqRT-PCR.

Gymnosis

Cells were seeded at low plating density (5 x 10*/mL) to reach confluence on the final day of the
experiments (day 6). Cells were treated with the naked gDIS3g#13 and the scrambled g#SCR, at the
same time of the seeding at a final concentration of 5 uM.

Cell viability and growth assessment

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

Colony-formation assay

For colony-forming assay, SCR 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.
Colonies were scored by an inverted microscope after a 21-day incubation at 37 °C in a fully

humidified atmosphere at 5% CO?. Each condition was evaluated twice in triplicates.

Cell cycle analysis and apoptosis

Cell cycle distribution of DIS3 silenced and relative SCR 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 hrs and incubated with FxCycle™ 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. Flow cytometry analysis was performed

by using FlowJo™ Software (BD Bioscience, Italy). To detect apoptosis, scramble and DIS3-silenced



cells were stained using a PE Annexin V Apoptosis Detection Kit (BD Biosciences), followed by BD

FACSVerse™ flow cytometry (BD Biosciences) to analyze apoptotic distribution.

RNA extraction, RT-PCR and gPCR

Total RNA was extracted using TRIzol® Reagent (Invitrogen, Life Technologies) according to
manufacturer’s instructions. The purity and concentration of total RNA was determined by the
NanoDrop One 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 (g-RT-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 ul. Q-RT-PCR
was performed on an Applied Biosystems StepOnePlus Real-Time PCR system for 40 cycles. The
relative expression level was calculated with the 2722t method and expressed as a fold change:
normalization of data was performed on house-keeping gene (GAPDH) expression. To determine

RNA levels by g-RT-PCR, the following primers were used:

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'
ARIDS5B 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°

Protein detection by Western blots

Cells were homogenized in lysis buffer M-PER® Mammalian Protein Extraction Reagent (Thermo
Scientific, Italy) and Halt Protease and Phosphatase inhibitor cocktail, EDTA-free, 100X, (Thermo

Scientific). Whole cell lysates (40 pg per cell line) from cell lines were separated using Bolt™ 4-12%

Bis-Tris Plus Acrylamide Gels (Invitrogen), electro-transferred onto nitrocellulose membranes (Bio-

Rad, Hercules, CA, USA), and immunoblotted with specific primary antibody (listed below).

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 hrs at RT.
Chemiluminescence was developed using Clarity ECL Western Blot Substrate Kit (BIO-RAD) and

signal intensity was detected by the use of ChemiDoc MP System (Bio-Rad). The experiments were

repeated at least three times.

Ab Company Code Dilution Secondary Ab

Anti-CCNE1 Cell Signaling Technology #20808 1:1000 BSA 5%- | Rabbit: 1:2000 BSA
PBSTW 0,1% 2%-PBS TW 0,1%

Anti-CCNA2 Cell Signaling Technology #4656 1:1000 BSA 5%- | Mouse: 1:2000 BSA
PBS TW 0,1% 2%-PBS TW 0,1%

Anti-pCCNB1 Cell Signaling Technology #4133 1:1000 BSA 5%- | Rabbit: 1:2000 BSA
Ser133 PBS TW 0,1% 2%-PBS TW 0,1%

Anti-CCNB1 Cell Signaling Technology #4138 1:1000 BSA 5%- | Rabbit: 1:2000 BSA
PBS TW 0,1% 2%-PBS TW 0,1%

Anti-pCDK1 Thr161 | Cell Signaling Technology #9114 1:1000 BSA 5%- | Rabbit: 1:2000 BSA
PBSTW 0,1% 2%-PBS TW 0,1%

Anti-CDK1 Cell Signaling Technology #77055 1:1000 BSA 5%- | Rabbit: 1:2000 BSA
PBSTW 0,1% 2%-PBS TW 0,1%

Anti-pCDC20 Ser51 | Cell Signaling Technology #8038 1:1000 BSA 5%- | Rabbit: 1:2000 BSA
PBSTW 0,1% 2%-PBS TW 0,1%

Anti-CDC20 Cell Signaling Technology #4823 1:1000 BSA 5%- | Rabbit: 1:2000 BSA
PBS TW 0,1% 2%-PBS TW 0,1%

Anti-CENP-A Cell Signaling Technology #2186 1:1000 BSA 5%- | Rabbit: 1:2000 BSA

PBS TW 0,1%

2%-PBS TW 0,1%




Anti-GAPDH Santa Cruz Sc-7899 1:2000 BSA 5%- | Mouse: 1:2000 BSA
PBS TW 0,1% 2%-PBS TW 0,1%

Anti-DIS3 Proteintech 14689-1-AP 1:1000 BSA 5%- | Rabbit: 1:2000 BSA
PBSTW 0,1% 2%-PBS TW 0,1%

Immunofluorescence

0.050 x 100 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 (0.5% Triton X-100 in PBS, 15-min), washed in PBS (3X, 5 min each),
blocked 1 h at 22° C with 5% BSA Triton X-100 0.1% in PBS, and then incubated 1 hr at 22°C with
DIS3 antibody (#14689-1-AP; Proteintech; 1:100) or y-Tubulin (#5886; Cell Signaling Technology;
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-o-Tubulin Alexa Fluor 488 (Abcam; #185031, 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).

Gene expression 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
triplicates NCI-H929 DIS3-KD and controls. Robust Multichip Average (RMA) normalization was
applied on raw data and a custom annotation pipeline was applied using the Chip Definition File
(CDF) wversion 25 for GENECODE transcript annotations, freely available: at
http://brainarray.mbni.med.umich.edu/Brainarray/Database/CustomCDF/25.0.0/gencodet.asp.

Therefore, the expression levels of Ensembl genes specific for 19241 protein coding were obtained.
Genes differentially expressed in gymnotic DIS3-KD and SCR NCI-H929 triplicates were evaluated
by means of Significance analysis of Microarrays (SAM) analysis [6] applying 500 permutations and
default analysis conditions. Specific transcriptional patterns were defined using a 10% cut-off on

FDR g-value.



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

Functional enrichment analysis was performed 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 g-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) [7] was achieved
on global annotated protein coding genes gene expression profiles. Significant Hallmark, KEGG and
Reactome gene sets (version 7.4) were selected on the base of nominal p-value <0.05 and FDR ¢-

value < 5%.
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Supplementary Figure S1 (A) Significant differences in DIS3 expression levels as shown by box plots of 660 MM cases stratified according to the presence of 1g-gain, t(11;14),
del(13q), t(4;14), or the occurrence of NS somatic mutations in RAS/BRAF, FAM46C, or DIS3 genes. (B) Not-significant differences in DIS3 expression level as shown by box plots in
660 MM cases stratified according to the presence of del(17p)/TP53, t(6;14), MYC translocations, MAF translocations, del(1p), the occurrence of NS somatic mutations in TRAF3 or
TP53 genes, or hyperdiploidy (HD). For each plot, differential expression was tested by Wilcoxon rank-sum test with continuity correction. P-values were corrected by BH adjustment.
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Supplementary Figure S2 (A) Significant differences in DIS3 expression level as shown by box plots of 660 MM cases stratified according to the presence of t(11;14) and dell3. Kruskal-
Wallis test was applied to assess differences in expression levels between groups. The significant pairwise comparison performed by the Dunn’s test are marked red-bold in the table. (B)
Representation of the distribution of dell3, t(11;14, t(4;14), and DIS3 gene mutation in the cohort of 660 CoMMpass samples ordered based on increasing DIS3 expression levels. For DIS3
mutation, the high bar in the histogram indicates the presence of not-hotspot DIS3 mutations (NH) in the patients, the shorter bar indicates hotspot (H) DIS3 mutations.
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Supplementary Figure S5. (A) Quantitative real-time PCR (qRT-PCR) of DIS3 in NCI-H929
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Supplementary Figure S8. AMO-1 cells were synchronized by synchroset
protocol. Cell cycle progression was monitored by PI staining and FACS
analysis of the DNA content of cells before synchronization (asynchronous
cells), and at different time points after synchronization and after release.
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Supplementary Figure S9. NCI-H929 cells were synchronized by Synchroset
protocol. Cell cycle progression was monitored by Pl staining and FACS
analysis of the DNA content of cells before synchronization (asynchronous
cells), and at different time points after synchronization and after release.
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Supplementary Figure S10. U266 cells were synchronized by Synchroset
protocol. Cell cycle progression was monitored by Pl staining and FACS
analysis of the DNA content of cells before synchronization (asynchronous
cells), and at different time points after synchronization and after release.
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Process (A) and GO Molecular function (B) terms for 2595 differentially expressed
protein coding genes with annotated gene symbols.
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Supplementary Figure S12. Network interactions between the top five GO-BP (A) or GO-MF (B) annotation
terms were visualized by using the cnetplot function.
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SCR DIS3-KD

Supplementary Figure S13. Representative images of multipolar spindles in NCI-H929 and AMO-1 cells
upon DIS3 silencing. Scale bar 50 um.



Supplementary Table S1. Number and relative frequency of main IgH
translocations (trx), copy number alterations (CNAs) and non-synonymous
(NS) somatic  mutations, in 660 BM-1 MM  cases of
MMRF_CoMMpass IAl15a cohort with available data about DIS3 expression
by RNA sequencing (RNA-seq), IgH trx by RNA-seq, NS somatic mutations by
Whole Exome sequencing (WES) and CNAs by next generation sequencing
(NGS)-based FISH (FISH-WES).

IgH trx (RNA-seq) N (%)
t(11;14)/CCND1 136 (20.6%)
t(6;14)/CCND3 9 (1.4%)
t(4;14)/WHSC1/FGFR3 89 (13.5%)
t(14;16)/MAF;t(14;20)/MAFB; t(8;16)/MAFA 42 (6.4%)
t(8;14)/MYC 27 (4.1%)
CNA (FISH-WES) N (%)
del(13)(q14)/(q34)/RB1_20% 346 (52.4%)
1921 gain_20% 240 (36.4%)
del(1)(p22)/CDKN2C_20% 199 (30.2%)
del(17)(p13)/TP53_20% 74 (11.2%)
HD 375 (56.8%)
NS Somatic Mutation (WES) N (%)
DIS3 71 (10.8%)
N-RAS 146 (22.1%)
H-RAS 0 (0%)
K-RAS 160 (24.2%)
BRAF 51 (7.7%)
TP53 30 (4.5%)
FAMA46C 66 (10%)

TRAF3 50 (7.6%)




Supplementary Table S2. Percentage of
cell viability in ex-vivo primary CD138+
tumor cells purified from the BM of four
MM patients after treatment with gSCR or
gDIS3.

gSCR gDIS3

Patient N°1 87% 79%
Patient N°2 79% 67%
Patient N°3 81% 79%

Patient N°4 66% 59%




Supplementary Table S3. List of significant differentially expressed genes between NCI-H929 DIS3 -KD and
NCI-H929 control, by SAM analysis at g-value =0. 37 up- and 3995 down-regulated transcripts in DIS3 -KD vs
control are respectively ordered according to score(d). Fold change (FC), g-value and score(d) statistics parameters
are reported for each transcript.

Gene ID Gene name Gene type Score(d) Fold Change g-value(%)
ENSG00000112078 KCTD20 protein_coding -12.509 0.143 0
ENSG00000083520 DIS3 protein_coding -9.625 0.21 0
ENSG00000117399 CDC20 protein_coding -9.115 0.2 0
ENSG00000100216 TOMM22 protein_coding -7.3 0.287 0
ENSG00000139921 TMX1 protein_coding -7.272 0.316 0
ENSG00000134278 SPIRE1 protein_coding -7.145 0.304 0
ENSG00000253352 TUG1 protein_coding -7.124 0.348 0
ENSG00000231007 CDC20P1 processed_pseudogene -6.783 0.239 0
ENSG00000177646 ACAD9 protein_coding -6.6 0.281 0
ENSG00000165970 SLC6AS5 protein_coding -6.552 0.268 0
ENSG00000187323 DCC protein_coding -6.353 0.338 0
ENSG00000170540 ARL6IP1 protein_coding -6.284 0.348 0
ENSG00000102531 FNDC3A protein_coding -6.252 0.323 0
ENSG00000156970 BUB1B protein_coding -6.248 0.386 0
ENSG00000148110 MFSD14B protein_coding -6.235 0.386 0
ENSG00000006576 PHTF2 protein_coding -5.95 0.329 0
ENSG00000184371 CSF1 protein_coding -5.949 0.405 0
ENSG00000135341 MAP3K7 protein_coding -5.846 0.4 0
ENSG00000118007 STAG1 protein_coding -5.725 0.417 0
ENSG00000106415 GLCCI1 protein_coding -5.689 0.431 0
ENSG00000138459 SLC35A5 protein_coding -5.679 0.368 0
ENSG00000068650 ATP11A protein_coding -5.669 0.35 0
ENSG00000164305 CASP3 protein_coding -5.633 0.42 0
ENSG00000019995 ZRANB1 protein_coding -5.59 0.413 0
ENSG00000139117 CPNES8 protein_coding -5.546 0.365 0
ENSG00000118193 KIF14 protein_coding -5.436 0.35 0
ENSG00000197043 ANXA6 protein_coding -5.404 0.405 0
ENSG00000138709 LARP1B protein_coding -5.298 0.444 0
ENSG00000178982 EIF3K protein_coding -5.286 0.371 0
ENSG00000145386 CCNA2 protein_coding -5.265 0.428 0
ENSG00000111912 NCOA? protein_coding -5.221 0.406 0
ENSG00000113712 CSNK1A1 protein_coding -5.191 0.444 0
ENSG00000112062 MAPK14 protein_coding -5.162 0.441 0
ENSG00000120690 ELF1 protein_coding -5.153 0.431 0
ENSG00000134070 IRAK2 protein_coding -5.106 0.427 0
ENSG00000100461 RBM23 protein_coding -5.072 0.432 0
ENSG00000080802 CNOT4 protein_coding -5.054 0.394 0
ENSG00000121152 NCAPH protein_coding -5.044 0.428 0
ENSG00000110108 TMEM109 protein_coding -5.032 0.401 0
ENSG00000066279 ASPM protein_coding -4.995 0.366 0
ENSG00000068489 PRR11 protein_coding -4.992 0.443 0
ENSG00000144711 I1QSEC1 protein_coding -4.928 0.405 0
ENSG00000173706 HEG1 protein_coding -4.913 0.461 0
ENSG00000072571 HMMR protein_coding -4.905 0.372 0



Gene ID Gene name Gene type Score(d) Fold Change g-value(%)
ENSG00000198755 RPL10A protein_coding -4.869 0.416 0
ENSG00000163882 POLR2H protein_coding -4.846 0.449 0
ENSG00000044574 HSPAS5 protein_coding -4.842 0.456 0
ENSG00000143033 MTF2 protein_coding -4.839 0.465 0
ENSG00000196757 ZNF700 protein_coding -4.838 0.377 0
ENSG00000119285 HEATR1 protein_coding -4.83 0.442 0
ENSG00000236015 ENSG00000236015 processed_pseudogene -4.778 0.365 0
ENSG00000058804 NDC1 protein_coding -4.709 0.427 0
ENSG00000122068 FYTTD1 protein_coding -4.696 0.383 0
ENSG00000101126 ADNP protein_coding -4.694 0.455 0
ENSG00000005020 SKAP2 protein_coding -4.692 0.447 0
ENSG00000119537 KDSR protein_coding -4.678 0.438 0
ENSG00000161547 SRSF2 protein_coding -4.655 0.461 0
ENSG00000165650 PDzZD8 protein_coding -4.649 0.468 0
ENSG00000127081 ZNF484 protein_coding -4.632 0.4 0
ENSG00000089022 MAPKAPKS protein_coding -4.6 0.481 0
ENSG00000113356 POLR3G protein_coding -4.593 0.457 0
ENSG00000110075 PPP6R3 protein_coding -4.564 0.485 0
ENSG00000136888 ATP6V1G1 protein_coding -4.546 0.454 0
ENSG00000138018 SELENOI protein_coding -4.532 0.492 0
ENSG00000152683 SLC30A6 protein_coding -4.525 0.374 0
ENSG00000101557 USP14 protein_coding -4.51 0.451 0
ENSG00000111707 SUDS3 protein_coding -4.507 0.509 0
ENSG00000164941 INTS8 protein_coding -4.471 0.461 0
ENSG00000131747 TOP2A protein_coding -4.464 0.466 0
ENSG00000197142 ACSL5 protein_coding -4.458 0.443 0
ENSG00000152767 FARP1 protein_coding -4.45 0.491 0
ENSG00000124406 ATP8A1 protein_coding -4.44 0.488 0
ENSG00000030066 NUP160 protein_coding -4.386 0.497 0
ENSG00000163660 CCNL1 protein_coding -4.378 0.477 0
ENSG00000140386 SCAPER protein_coding -4.37 0.502 0
ENSG00000105778 AVL9 protein_coding -4.369 0.486 0
ENSG00000198589 LRBA protein_coding -4.368 0.477 0
ENSG00000139278 GLIPR1 protein_coding -4.355 0.478 0
ENSG00000138363 ATIC protein_coding -4.354 0.469 0
ENSG00000150347 ARID5B protein_coding -4.33 0.434 0
ENSG00000178105 DDX10 protein_coding -4.265 0.531 0
ENSG00000172939 OXSR1 protein_coding -4.262 0.514 0
ENSG00000275835 TUBGCP5 protein_coding -4.261 0.502 0
ENSG00000134057 CCNB1 protein_coding -4.25 0.49 0
ENSG00000095139 ARCN1 protein_coding -4.223 0.509 0
ENSG00000114480 GBE1 protein_coding -4.219 0.452 0
ENSG00000153107 ANAPC1 protein_coding -4.216 0.494 0
ENSG00000164983 TMEM65 protein_coding -4.21 0.472 0
ENSG00000080298 RFX3 protein_coding -4.192 0.522 0
ENSG00000139505 MTMR®6 protein_coding -4.176 0.525 0
ENSG00000163539 CLASP2 protein_coding -4.158 0.529 0
ENSG00000011426 ANLN protein_coding -4.154 0.499 0
ENSG00000130348 QRSL1 protein_coding -4.148 0.527 0



Gene ID Gene name Gene type Score(d) Fold Change g-value(%)
ENSG00000204217 BMPR2 protein_coding -4.146 0.548 0
ENSG00000069275 NUCKS1 protein_coding -4.133 0.526 0
ENSG00000121274 TENT4B protein_coding -4.132 0.509 0
ENSG00000173334 TRIB1 protein_coding -4.129 0.51 0
ENSG00000226360 RPL10AP6 processed_pseudogene -4.124 0.396 0
ENSG00000198431 TXNRD1 protein_coding -4.113 0.547 0
ENSG00000145780 FEM1C protein_coding -4.112 0.503 0
ENSG00000202411 RNA5SP259 rRNA_pseudogene -4.101 0.377 0
ENSG00000155495 MAGEC1 protein_coding -4.097 0.464 0
ENSG00000189308 LIN54 protein_coding -4.09 0.524 0
ENSG00000136021 SCYL2 protein_coding -4.089 0.473 0
ENSG00000108443 RPS6KB1 protein_coding -4.068 0.495 0
ENSG00000101752 MIB1 protein_coding -4.048 0.53 0
ENSG00000141384 TAF4B protein_coding -4.046 0.527 0
ENSG00000125257 ABCC4 protein_coding -4.032 0.523 0
ENSG00000110172 CHORDC1 protein_coding -4.028 0.499 0
ENSG00000280433 ENSG00000280433 protein_coding -4.023 0.463 0
ENSG00000136010 ALDH1L2 protein_coding -4.02 0.495 0
ENSG00000075223 SEMAS3C protein_coding -4.017 0.491 0
ENSG00000152520 PAN3 protein_coding -4.007 0.551 0
ENSG00000143702 CEP170 protein_coding -3.97 0.488 0
ENSG00000177189 RPS6KA3 protein_coding -3.956 0.471 0
ENSG00000162378 ZYG11B protein_coding -3.943 0.469 0
ENSG00000109819 PPARGC1A protein_coding -3.939 0.525 0
ENSG00000163629 PTPN13 protein_coding -3.923 0.528 0
ENSG00000106066 CPVL protein_coding -3.913 0.5 0
ENSG00000171241 SHCBP1 protein_coding -3.911 0.506 0
ENSG00000093144 ECHDC1 protein_coding -3.91 0.534 0
ENSG00000196083 IL1RAP protein_coding -3.886 0.492 0
ENSG00000121039 RDH10 protein_coding -3.885 0.533 0
ENSG00000140199 SLC12A6 protein_coding -3.884 0.514 0
ENSG00000121988 ZRANB3 protein_coding -3.878 0.501 0
ENSG00000147853 AK3 protein_coding -3.876 0.519 0
ENSG00000182923 CEP63 protein_coding -3.868 0.487 0
ENSG00000183475 ASB7 protein_coding -3.865 0.534 0
ENSG00000134644 PUM1 protein_coding -3.863 0.547 0
ENSG00000101782 RIOK3 protein_coding -3.845 0.518 0
ENSG00000198901 PRC1 protein_coding -3.838 0.554 0
ENSG00000146433 TMEM181 protein_coding -3.831 0.492 0
ENSG00000133302 SLF1 protein_coding -3.826 0.52 0
ENSG00000173757 STAT5B protein_coding -3.817 0.544 0
ENSG00000097046 CDC7 protein_coding -3.813 0.525 0
ENSG00000172243 CLEC7A protein_coding -3.811 0.514 0
ENSG00000119314 PTBP3 protein_coding -3.809 0.501 0
ENSG00000198879 SFMBT2 protein_coding -3.807 0.513 0
ENSG00000157741 UBN2 protein_coding -3.805 0.559 0
ENSG00000187988 KCTD9P3 processed_pseudogene -3.799 0.413 0
ENSG00000134243 SORT1 protein_coding -3.792 0.536 0
ENSG00000055917 PUM2 protein_coding -3.789 0.575 0



Gene ID Gene name Gene type Score(d) Fold Change g-value(%)
ENSG00000276966 HA4C5 protein_coding -3.784 0.506 0
ENSG00000113594 LIFR protein_coding -3.784 0.493 0
ENSG00000173852 DPY19L1 protein_coding -3.78 0.51 0
ENSG00000164211 STARD4 protein_coding -3.78 0.456 0
ENSG00000176986 SEC24C protein_coding -3.777 0.547 0
ENSG00000187257 RSBN1L protein_coding -3.773 0.54 0
ENSG00000112699 GMDS protein_coding -3.76 0.531 0
ENSG00000173120 KDM2A protein_coding -3.759 0.573 0
ENSG00000197329 PELI1 protein_coding -3.751 0.454 0
ENSG00000198125 MB protein_coding -3.748 0.524 0
ENSG00000137776 SLTM protein_coding -3.741 0.563 0
ENSG00000134440 NARS1 protein_coding -3.739 0.545 0
ENSG00000165209 STRBP protein_coding -3.739 0.508 0
ENSG00000143815 LBR protein_coding -3.737 0.565 0
ENSG00000248216 KCTD9P5 processed_pseudogene -3.735 0.39 0
ENSG00000164808 SPIDR protein_coding -3.734 0.565 0
ENSG00000115761 NOL10 protein_coding -3.731 0.533 0
ENSG00000080839 RBL1 protein_coding -3.711 0.476 0
ENSG00000124789 NUP153 protein_coding -3.704 0.546 0
ENSG00000115970 THADA protein_coding -3.699 0.564 0
ENSG00000104970 KIR3DX1 transcribed_unprocessed  -3.687 0.549 0
ENSG00000106460 TMEM106B protein_coding -3.687 0.511 0
ENSG00000165660 ABRAXAS2 protein_coding -3.674 0.525 0
ENSG00000187240 DYNC2H1 protein_coding -3.672 0.495 0
ENSG00000196586 MYO6 protein_coding -3.661 0.557 0
ENSG00000101191 DIDO1 protein_coding -3.659 0.584 0
ENSG00000121892 PDS5A protein_coding -3.658 0.566 0
ENSG00000127980 PEX1 protein_coding -3.653 0.526 0
ENSG00000115840 SLC25A12 protein_coding -3.651 0.55 0
ENSG00000165934 CPSF2 protein_coding -3.632 0.51 0
ENSG00000120800 UTP20 protein_coding -3.628 0.534 0
ENSG00000243156 MICAL3 protein_coding -3.618 0.585 0
ENSG00000115464 USP34 protein_coding -3.614 0.542 0
ENSG00000280098 ENSG00000280098 TEC -3.611 0.476 0
ENSG00000206560 ANKRD28 protein_coding -3.607 0.541 0
ENSG00000155380 SLC16A1 protein_coding -3.594 0.573 0
ENSG00000185274 GALNT17 protein_coding -3.59 0.53 0
ENSG00000124275 MTRR protein_coding -3.584 0.559 0
ENSG00000147251 DOCK11 protein_coding -3.573 0.541 0
ENSG00000147874 HAUS6 p