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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 remain poorly 
understood. In this study 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 cell cycle 
progression of MM plasma cells, ultimately inducing a significant increase in the percentage of cells in the G0/G1 phase 
and a decrease in the S and G2/M phases. DIS3 plays an important role not only in the control of the MM plasma cell cycle, 
but also in the centrosome duplication cycle, which are strictly co-regulated in physiological conditions in the G1 phase. 
Indeed, DIS3 silencing leads to the formation of supernumerary centrosomes accompanied by the assembly 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 ultimately lead to the development of MM. 
 

Abstract 

DIS3 depletion in multiple myeloma causes extensive 
perturbation in cell cycle progression and centrosome 
amplification

Introduction 
Multiple myeloma (MM) is a hematologic malignancy that is 
still incurable despite the recent introduction of a large array 
of innovative therapies.1 MM is characterized by the abnormal 
proliferation of plasma cells (PC) in the bone marrow and 
has different clinical courses and a highly heterogeneous 

genetic background with both structural chromosomal al-
terations and specific gene mutations affecting the ex-
pression and the activity of both putative oncogenes and 
tumor suppressor genes.2 
Among the frequently mutated genes in MM, DIS3 has been 
reported to be mutated in roughly 10% of patients and to 
have a significant impact on clinical outcome.3-6 Despite the 
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detailed overview of DIS3 mutations, their functional con-
sequences on the pathogenesis of MM remain largely un-
known, to the point that it is still unclear whether DIS3 
behaves as an oncogene or a tumor suppressor gene.7,8 Aber-
rant expression of DIS3 has been reported in different tumor 
types.7,9,10 Notably, monosomy 13 and del(13q), which occur in 
approximately 40% of MM cases, could affect DIS3 ex-
pression.11,12 DIS3 encodes for a highly conserved ribonu-
clease13-15 that endows 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.16,17 Moreover, studies in Schizosacchar-
omyces pombe have revealed functions of DIS3 in chromo-
some segregation,18,19 cell cycle progression,20,21 and spindle 
assembly.22 The involvement of DIS3 in cell cycle regulation 
has also been demonstrated in Drosophila melanogaster. In 
addition, DIS3 is required for the development of a multicel-
lular organism participating in cell type-specific RNA turn-
over.23 In humans, DIS3 has been described to shape the RNA 
polymerase II transcriptome by degrading a variety of un-
wanted transcripts.24 Data concerning the functional role of 
DIS3 in myeloma are limited to a recent study showing that 
DIS3 depletion in different cell types, including malignant PC, 
causes a pervasive accumulation of DNA:RNA hybrids that 
induce genomic DNA double-strand breaks, eventually lead-
ing to genomic instability by increasing mutational load.25 
In this study, we aimed to expand our knowledge on the bio-
logical role of DIS3 in MM by investigating the functional con-
sequences of its depletion in myeloma cells. Our data 
indicate that DIS3 silencing causes marked perturbations in 
cell cycle progression and the process of mitosis. 

Methods 
Full details of quantitative real-time polymerase chain reac-
tions, cell cycle analysis and apoptosis, immunofluo -
rescence, gapmeR design and gymnotic delivery, proteomic 
assays, and gene expression analysis are provided in the On-
line Supplementary Methods.  

Multi-omics data from the CoMMpass study 
Multi-omics data about bone marrow MM samples at base-
line (BM_1) were freely accessible from the Multiple Myeloma 
Research Foundation (MMRF) CoMMpass study (https://re-
search.themmrf.org/) including more than 1,000 MM patients 
from several worldwide sites and retrieved from the Interim 
Analysis 15a (MMRF_CoMMpass_IA15a, accessed on 16 Oc-
tober 2020). Details about the molecular and clinical data of 
the CoMMpass cohort selected for the present study are 
provided in the Online Supplementary Methods. 

Statistical and survival analyses 
Wilcoxon rank-sum and Kruskal-Wallis tests were applied to 

assess patterns of differential expression between two or 
multiple molecular groups. The Dunn test was used for pair-
wise comparisons. P values were corrected using the Ben-
jamini-Hochberg method, and adjusted P values <0.05 were 
considered statistically significant. Survival analyses were 
performed as described in the Online Supplementary 
Methods.  

Multiple myeloma cell lines and drugs 
The AMO-1 cell line was kindly provided by Dr. C. Driessen 
(University of Tubingen, Germany). NCI-H929 and U266 cell 
lines were purchased from DSMZ, which certified authenti-
cation performed by short tandem repeat DNA typing. All 
human MM cell lines (HMCL) were immediately frozen and 
used from the original stock within 6 months. HMCL were 
cultured in RPMI-1640 medium (Gibco®, Life Technologies, 
Carlsbad, CA, USA) supplemented with 10% fetal bovine 
serum, 50 U/mL penicillin, and 50 μg/mL streptomycin 
(Gibco®), at 37°C in 5% CO2 atmosphere, and routinely tested 
to rule out mycoplasma contamination.  
For cell cycle analyses, cells were synchronized with Syn-
chroset kit (EuroClone, Milan, Italy). For mitotic analyses, 
cells were synchronized with RO-3306 and MG-132 (Selleck-
chem, Aurogene, Rome, Italy).  

Primary patients’ cells 
CD138+ cells were isolated from the bone marrow aspirates 
of MM patients by Ficoll-Hypaque (Lonza Group, Basel, Swit-
zerland) density gradient sedimentation, followed by anti-
body-mediated positive selection using anti-CD138 magnetic 
activated cell separation microbeads (Miltenyi Biotech, Glad-
bach, Germany). The purity of immunoselected cells was as-
sessed by flow-cytometry analysis using a 
phycoerythrin-conjugated CD138 monoclonal antibody and 
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). 

Ethics approval and consent to participate 
Written informed consent to participation in the study was 
obtained from all patients in accordance with the Declar-
ation 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 multiple myeloma correlates with 
molecular subtypes 
To gain insight into the role of DIS3 in MM, we started by 
exploring its expression in pathological samples compared 
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to normal controls. In detail, we investigated DIS3 ex-
pression levels in a proprietary, publicly available, RNA da-
taset profiled by microarrays that includes four healthy 
donors, 130 MM patients, 24 cases of primary plasma cell 
leukemia (PCL), and 12 cases of secondary PCL 
(GSE66293). Considering that DIS3 expression levels could 
be affected by the presence of chromosome 13 deletion 
(del13), we stratified patients based on the presence of 
this molecular lesion. We found that patients with MM, 
primary PCL and secondary PCL without del13 showed sig-
nificantly higher DIS3 expression levels than normal con-
trols; conversely, pathological samples with del13 
displayed DIS3 expression levels comparable to those of 
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 en-
rolled in the MMRF CoMMpass study. To this end, we 
evaluated DIS3 expression levels in PC from 774 MM pa-

tients included in the CoMMpass dataset (Figure 1B). In 
detail, DIS3 expression spanned a limited range of esti-
mated values (3.3-43.2; median: 13.16) of transcripts per 
million. MM patients with t(11;14) chromosomal transloca-
tion showed significantly higher DIS3 expression levels 
than those of 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 pa-
tients of the CoMMpass cohort for whom data on ex-
pression, non-synonymous somatic mutations, and copy 
number alterations, collected by RNA sequencing, whole 
exome sequencing and next-generation sequencing-based 
fluorescence in situ hybridization, respectively, were avail-
able (Online Supplementary Table S1).  
We observed that the presence of del13 was associated 
with a reduction of DIS3 expression levels. Interestingly, 

Figure 1. DIS3 expression analysis in plasma cell dyscrasias. (A) Box plot of DIS3 expression level in healthy donors (N) and 
plasma cell (PC) dyscrasias (proprietary dataset, GSE66293). The four N are RNA samples from bone marrow PC purified (>90%) 
from normal individuals and purchased from Voden (Medical Instruments IT). Total RNA samples from highly purified bone 
marrow CD138+ PC were profiled by Gene 1.0 ST array. (B) Box plot of DIS3 expression level in main IGH translocation groups in 
774 cases from the CoMMpass cohort. The Kruskal-Wallis test was applied to assess differences in expression levels between 
groups. The pairwise comparisons were performed by the Dunn test; statistically significant results are marked in red, bold in 
the tables. MM: multiple myeloma; pPCL: primary plasma cell leukemia; sPCL: secondary plasma cell leukemia; trx.MAF: MAF 
translocation, trx.MYC: MYC translocation, double.trx: presense of two translocations, trx.neg: absence of the considered 
translocations.
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significantly higher DIS3 expression levels were observed 
in MM patients carrying t(11;14), in particular in those with-
out the del13 alteration (Online Supplementary Figures S1A 
and S2A). Significantly higher DIS3 expression levels were 
also found in MM patients carrying non-synonymous so-
matic mutations in the RAS/BRAF or FAM46C genes, 
whereas lower expression levels were evidenced in 
samples with 1q-gain, del13, t(4;14), or a DIS3 gene muta-
tion (Online Supplementary Figure S1A). However, concern-
ing patients with DIS3 mutations, we observed that 
samples with DIS3 hotspot mutations had higher DIS3 ex-
pression levels than those from MM patients carryng non-
hotspot DIS3 mutations (Online 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 of non-syn-
onymous somatic mutations in TRAF3 or TP53 genes, or 
hyperdiploid cases (Online Supplementary Figure S1B).  
Finally, in order to investigate the relevance of DIS3 ex-
pression levels in clinical outcome, we considered 767 MM 
patients from the CoMMpass dataset with available clini-
cal data. High versus low expression groups were deter-
mined according to the median cutoff value for DIS3 
expression level across the entire dataset. Our data 
showed that DIS3 expression levels did not affect clinical 
outcome in terms of either overall survival or progression-
free survival (Online Supplementary Figure S3). 

DIS3 knockdown inhibits proliferation in multiple 
myeloma cell lines and affects cell cycle progression 
and distribution 
To investigate the functional role of DIS3 in MM, we ex-
ploited a loss-of-function approach by using locked nu-
cleic acid-gapmeR antisense oligonucleotides that trigger 
RNAse-H-dependent degradation of transcripts. Specifi-
cally, we designed three “in-house” sequences 
(gDIS3#2/13/15) able to recognize all three DIS3 isoforms 
(Online Supplementary Figure S4A) and tested them in the 
AMO-1 HMCL by using electroporation. Among them, the 
gDIS3#13 gapmeR showed the strongest silencing effi-
ciency (nearly 70%) after 24 h (Online Supplementary Fig-
ure S4B). To achieve a more pronounced and prolonged 
knockdown (KD) effect, we optimized its gymnotic de-
livery;26 the striking downregulation of DIS3 at both the 
transcriptional and protein levels obtained in different 
HMCL (AMO-1, NCI-H929 and U266) (Figure 2A, B), sug-
gested that this strategy was a valuable tool for sub-
sequent investigations.  
In particular, we found that DIS3-KD in AMO-1, NCI-H929 
and U266 cells was associated with a significant reduction 
of cell growth and an increase in apoptosis at 6 days after 
gDIS3#13 delivery (Figure 3A, B). Notably, HMCL showed 
the same phenotype at 48 h after electroporation when 
an RNA interference strategy was used (Online Supple-

mentary Figure S5). Furthermore, DIS3-KD dramatically re-
duced (fold change 5-10) the clonogenic potential of MM 
cells (Figure 3C). Finally, we evaluated the biological ef-
fects of gDIS3#13 ex-vivo on primary CD138+ tumor cells 
purified from the bone marrow of four MM patients. DIS3-
KD led to an important alteration of cell morphology, 
causing cytoplasmic vacuolization, which suggests a suf-
fering cell phenotype, and affected cell membrane integ-
rity, converting it to one typical of apoptotic cells (Figure 
3D), in agreement with the reduced viability of gDIS3#13-
treated primary cells (Online Supplementary Table S2). 
To inspect whether the inhibitory effects of DIS3 silencing 
on proliferative potential are associated with specific 
changes in cell cycle progression, we analyzed AMO-1 and 
NCI-H929 cells silenced with gDIS3 for 4 days. DIS3-KD in 
HMCL caused a significant increase in the number of cells 
in the G0/G1 phase of the cell cycle, and a decrease in the 
percentage of cells distributed in the S and G2/M phases, 
indicating G0/G1 cell cycle arrest (Online Supplementary 
Figure S6). To investigate the alterations in cell cycle pro-
gression in more detail, we synchronized HMCL using the 
Synchroset reagent, and followed cell cycle progression 
at different timepoints (Online Supplementary Figure S7) 
by collecting samples before blocking, and during and 
after release (Online Supplementary Figures S8-S10). In 
agreement with previous results, we found that AMO-1, 
NCI-H929 and U266 exhibited a modulation of the dis-
tribution of cell cycle phases after DIS3-KD, with a signifi-
cantly increased percentage of G0/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 HMCL, we investigated proteins 
that have been reported to be associated with different 
cell cycle checkpoints (Figure 5). In line with the cytoflu-
orimetric analysis showing cell cycle arrest in the G0/G1 
phase, DIS3-KD cells showed a slight increase of CCNE1 
protein levels, whereas there was a decrease in the ex-
pression levels of the cyclin A protein (CCNA2), whose ac-
cumulation creates a decision window to enter the S 
phase and to initiate DNA replication. In agreement with a 
reduced G2/M phase of the cell cycle, DIS3-KD cells dis-
played reductions of both cyclin B (CCNB1) total protein 
and its phosphorylated fraction (pCCNB1), whose accumu-
lation in the cyclin A/B-CDK1 complex creates a second 
decision window.27,28 CCNB1 expression changes during the 
different phases of the cell cycle, 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 cells showed a consistent reduction of the 
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pCDK1 fraction; pCDK1 was not affected in the gDIS3-
treated AMO-1 cell line, although the total amount of CDK1 
protein was reduced.  
We also investigated CDC20, which is a critical checkpoint 
effector of mitosis and whose overexpression is associ-
ated with several types of cancer, including MM.29,30 In our 
experiments, we observed an important decrease in the 
expression level of CDC20 protein but not of its phos-
phorylated fraction (pCDC20) in DIS3-KD cells. pCDC20 is 
important in the early steps of mitosis; in late anaphase 
and the G1 phase, CDC20 is dephosphorylated and tar-
geted for degradation by the proteasome and is not ex-
pressed again until the S phase.  
Finally, we observed a strong downmodulation 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.31 

Transcriptional signature associated with DIS3 silencing 
in the NCI-H929 cell line 
In order to identify DIS3 downstream-related pathways in 
MM, we investigated gene expression profiling of syn-
chronized NCI-H929 cells after 5 days of gDIS3#13 gym-
notic delivery. Out of 55,540 globally analyzed genes, the 
expression of 4,032 genes resulted significantly modulated 
(false discovery rate <10%) by SAM analysis. These were 
virtually all downregulated (3,995 genes, 99%) in DIS3-si-
lenced cells and principally involved protein-coding genes 
(2,608 genes, 65%) and to a lesser extent long non-coding 
RNA (464 long non-coding RNA, 12%) (Online Supplemen-
tary Table S3). As expected based on previous biological 
results, chromosome organization, chromatin and histone 
modification, and cell cycle checkpoint were recognized 
among the top 20 most significantly enriched Gene On-
tology Biological Process terms (Online Supplementary 
Figure S11A). In addition, genes involved in serine/threo-
nine protein kinase activity, with helicase function, cata-

Figure 2. DIS3 expression analysis in DIS3-depleted cells. (A) Quantitative real-time polymerase chain reaction analysis of DIS3 
mRNA in AMO-1, NCI-H929 and U266 cells at the indicated timepoints. DIS3 mRNA expression is represented as 2−ΔΔCt relative to 
the GAPDH housekeeping gene and the scrambled condition at the same timepoint used as a calibrator. *P<0.05, **P<0.01, 
Student t test. (B) Western blot analyses of DIS3-KD in AMO-1, NCI-H929 and U266 cells. Western blot results are quantified and 
plotted in a histogram. SCR: scrambled condition.
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lytic activity on RNA, or with tubulin binding function were 
evidenced in the top 20 remarkably enriched Gene Ontol-
ogy Molecular Function terms under DIS3 silencing (Online 
Supplementary Figure S11B). In particular, numerous pro-
tein-coding genes that were significantly enriched in 

multiple annotation categories linked to complex inter-
actions, regarding chromosome organization and nuclear 
division, or molecular activities on nucleic acids and tubu-
lin, resulted globally downregulated in DIS3-silenced cells 
(Online Supplementary Figure S12). 

Figure 3. Functional impact of DIS3 depletion in multiple myeloma cells. (A) Growth curves of AMO-1, NCI-H929 and U266 cells 
following DIS3 silencing. (B) Flow cytometry analyses of apoptosis in AMO-1, NCI-H929 and U266 cells 6 days after treatment 
with gDIS3 (5 μM). (C) Colony formation assay performed on AMO-1, NCI-H929 and U266 cells treated for 21 days with gDIS3; 
representative pictures of colonies at day 21 are also shown, **P<0.01, ***P<0.001, Student t test. (D) Rappresentative images 
of May-Grünwald Giemsa staining of two CD138+ primary tumors treated for 6 days with gDIS3 (50x magnification). SCR: 
scrambled condition; 7-AAD: 7 amino actinomycin D.

Figure 4. Cell cycle analysis in DIS3-depleted cells. (A) Cell cycle progression in synchronized AMO-1, NCI-H929, and U266 cells 
was monitored by propidium iodide staining and fluorescence activated cell sorting analysis of the DNA content of cells at 6 h 
after release. (B) The percentage of cell cycle distribution is represented in the histograms; the standard deviations of three 
replicates are reported. *P<0.05, **P<0.01, ***P<0.001, Student t test. SCR: scrambled condition.
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Figure 5. Western blot analyses of cell cycle checkpoint proteins. (A) Analysis performed in synchronized AMO-1, NCI-H929 and 
U266 cells 6 h after release. For NCI-H929 cells, pCDC20, CDC20 and CENP-A were evaluated on the same blot and thus with 
the same GAPDH control; to improve the overall symmetry of the figure and its comprehension, the same GAPDH panel has been 
reported twice. (B) Western blot results are quantified and plotted in a histogram. (C) Histogram of the modulation of the 
phosphorylated protein fraction upon gDIS3 treatment, calculated as a 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. SCR: scramble 
condition.

A

B C

 Haematologica | 109 January 2024 
238

ARTICLE - DIS3 affects centrosome duplication in myeloma V.K. Favasuli et al.



 Haematologica | 109 January 2024 
239

ARTICLE - DIS3 affects centrosome duplication in myeloma V.K. Favasuli et al.

Continued on following page.



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 enrich-
ment analysis was performed on global annotated protein 
coding gene expression profiles and the most significant 
gene sets were selected under stringent conditions (nom-
inal P value <0.05 and false discovery rate q value <5%) 
(Online Supplementary Table S4). Among the most signifi-
cantly upregulated gene sets in DIS3-silenced NCI-H929 
cells, some were involved in degradation of extracellular 
matrix and DNA and histone epigenetic modifications, 
whereas cell cycle checkpoint, chromosome organization, 
RNA processing and degradation, DNA recombination and 
repair, regulation of TP53 activity and numerous cell sig-
naling pathways resulted among the most significantly 
underexpressed gene sets in DIS3-silenced cells (Figure 
6, Online 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 quantitative real-time polymerase 
chain reaction in DIS3-silenced AMO-1, NCI-H929, and 
U266 cell lines. In particular, we considered RAD51B and 
ARID5B, which are involved in homologous recombination 
and DNA repair processes; in addition, we investigated 
CCNB1, CDC20, the microtubule motor protein KIF14, the 
DNA topoisomerase TOP2A and the RNA polymerase 
POLR2H, all of which are involved in the cell cycle process. 
All these genes resulted downregulated upon DIS3 silenc-
ing in all cell lines (Figure 7A). The downregulation of these 
genes was also validated ex-vivo in DIS3-depleted primary 
CD138+ tumor cells, except for CCNB1 and CDC20, likely 
because purified PC hardly duplicate (Figure 7B). 

DIS3 depletion affects mitotic spindle organization and 
the geometry of multiple myeloma cells  
Considering previously reported data in yeast and Dro-
sophila indicating that DIS3-KD can affect chromosome 
segregation and spindle assembly, and based on our evi-
dence that DIS3-KD in HMCL 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 PC.  
To obtain a significant number of mitotic cells to analyze, 
DIS3-KD cells were synchronized at the M phase of the 
cell cycle (Figure 8A). In detail, cells were immunostained 
for DIS3, centrosomes (γ-tubulin), and mitotic spindle 
fibers (α-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 HMCL. Hence, in contrast to control cells 
which displayed normal spindle localization and physio-
logical bipolar cell division, DIS3-KD cells showed the 
presence of multipolar spindles during mitosis (Figure 8B, 
C, Online Supplementary Figure S13).  

Discussion 

Aberrant expression of DIS3 has been described in differ-
ent tumors types, including MM. Of note, the frequent and 
almost specific occurrence of DIS3 mutations observed in 
MM influences the clinical outcome of the patients.3 How-
ever, the pattern of DIS3 expression and its functional and 
pathogenic role in PC malignancies has not yet been clari-
fied. In this study, we investigated the effects of DIS3 de-
pletion in myeloma cells, providing insights into its 
putative role in the pathobiology of the disease. 
First of all, we explored DIS3 expression in patients af-
fected by MM or PCL and found that pathological samples 
expressed higher DIS3 transcript levels than those of nor-
mal controls; indeed, even in patients carrying del13, de-
spite 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 did not 
influence the clinical outcome of MM in patients included 
in the CoMMpass dataset; however, this result could be 
affected by the fact that the group with low DIS3 ex-
pression level was largely enriched in cases with del13 
and/or t(4;14), whereas the group with higher DIS3 ex-
pression level was enriched in patients with t(11;14) and/or 
hotspot DIS3 mutations (Online Supplementary Figure S2). 
Overall, these data suggest that the co-occurrence of dif-
ferent molecular alterations in MM patients could mask 
the specific oncogenic function of DIS3 expression in the 
disease.32 
We, therefore, investigated the biological role of DIS3 in 
vitro by exploiting a loss-of-function approach in HMCL. 
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 the S and G2/M phases, and 
a consistent increase of cells in the G0/G1 phase. These 
findings strongly suggest that DIS3 plays an important role 
in the control of the G1 phase of the cell cycle. In agree-
ment with this idea, we found that in the CoMMpass da-

Figure 6. Transcriptomic analyses in DIS3-depleted cells. Enrichment plots of selected gene set enrichment analysis (GSEA) 
gene sets significantly modulated in DIS3-silenced cells in comparison to scrambled NCI-H929 cells. GSEA was performed on 
global annotated protein-coding gene expression profiles (19,048 genes) and the most significant gene sets were selected under 
stringent conditions (nominal P value <0.05 and false discovery rate q value <5%). The enrichment score and nominal P values 
are reported for each plot. NES: normalized enrichment score; FDR: false discovery rate.
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taset, 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, were those significantly 
associated with the highest DIS3 expression levels (Online 
Supplementary Figure S1).  
The prominent role of DIS3 in the G1 phase is also sug-
gested by the fact that in different cell types, including 
HMCL, DIS3-KD gives rise to a pervasive accumulation of 
DNA:RNA hybrids.25 R-loops are three-stranded structures 
generated by the annealing of nascent transcripts to the 
template DNA strand and play important roles in physio-
logical processes; however, uncontrolled hybrid produc-
tion or lack of their immediate resolution through protein 
complexes, including RNases, helicases, and topoisome-
rases, can induce DNA damage and genome instability.33 
Importantly, the inhibition of the key homologous recom-

bination factor RAD51 leads to accumulation of DNA:RNA 
hybrids in the early G1 phase of the cell cycle,34 indicating 
that R-loop 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 coregu-
lated in physiological conditions in the G1 phase of the cell 
cycle.35,36 Indeed, for the first time we identified that DIS3-
KD leads to the formation of supernumerary centrosomes 
which finally result 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.21,22,37-39 In addition, S. pombe DIS3 mutants have 
been shown to have elongated metaphase spindles and a 

Figure 7. Molecular validation of the transcriptomic analysis. (A) Quantitative real-time polymerase chain reaction validation of 
the indicated genes in DIS3-depleted AMO-1, NCI-H929, and U266 human multiple myeloma cell lines; gene expression is 
presented as 2−ΔΔCt relative to the GAPDH housekeeping gene and the scrambled condition used as a calibrator. *P<0.05, 
**P<0.01, ***P<0.001, Student t test. (B) Ex-vivo validation of the indicated genes in DIS3-depleted primary CD138+ tumor cells 
purified from four multiple myeloma patients. SCR: scrambled condition.
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Figure 8. Images of metaphase spindles in NCI-H929 and AMO-1 cells treated with gDIS3 or scrambled gapmer. (A) Schematic 
representation of the experimental setup used to synchronize cells. (B) Representative images of multipolar spindles in both cell 
lines following DIS3-knockdown (right panel for each cell line). Scale bar, 5 μm. (C) Percentage of mitotic cells with defective spindles 
in NCI-H929 and AMO-1 cells treated with gDIS3 versus scrambled gapmer. IF: immmunofluorescence; SCR: scrambled condition.
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block in metaphase to anaphase transition.22 Smith et al. 
provided further evidence that DIS3 is involved in mitotic 
progression by demonstrating that perturbation of DIS3 in 
S. cerevisiae affects microtubule localization and struc-
ture.21 In MM PC, we found that DIS3 could impact mitotic 
spindle formation by affecting centrosome duplication.  
Numerical and/or structural centrosome amplification is 
a hallmark of solid tumors and hematologic malignancies 
and is often associated with aberrant tumor karyotypes 
and poor clinical outcomes.40,41 In MM, centrosome am-
plification is present in about a third of patients and may 
represent a mechanism leading to genomic instability.42 
However, the clinical impact of centrosome amplification 
in MM is still debated and existing contradictory results 
may be explained by the clonal heterogeneity of MM in 
which each myeloma subclone with centrosome amplifi-
cation may be potentially associated with different clinical 
behaviors influenced by complex processes including mi-
totic dysregulation, apoptotic failure and chromosome in-
stability.43,44 
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 forma-
tion of daughter centrioles around the existing centrioles, 
or via de novo centrosome assembly independent of pre-
existing centrioles.40 Our transcriptional analysis revealed 
that genes involved in cell cycle checkpoint and chromo-
some organization were among the most significantly 
underexpressed ones in DIS3-silenced cells (Figure 6, On-
line 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 en-
riched Gene Ontology Molecular Function terms upon DIS3 
silencing (Online Supplementary Figure S11B). In particular, 
several protein-coding genes that were significantly en-
riched in multiple annotation categories linked in complex 
interactions, regarding chromosome organization and nu-
clear division, or molecular activities on nucleic acids and 
tubulin, resulted globally downregulated in DIS3-silenced 
cells. Specifically, the downregulation of KIF14, TOP2A and 
POLR2H, all involved in cell cycle processes, has been vali-
dated in vitro and ex vivo.  
Our transcriptomic analysis also showed that genes in-
volved in DNA methylation were overexpressed in DIS3-si-

lenced cells. This finding is in agreement with the obser-
vation that most of the mRNA expression level is reduced 
after DIS3-KD despite DIS3 having ribonuclease activity, 
suggesting that global gene downregulation may be a sec-
ondary effect of DIS3 deficiency on DNA methylation.   
Overall, our data prompt further studies to clarify the role 
of DIS3 in the process of centrosome duplication; indeed, 
a combination of DIS3 defects and deficient spindle-as-
sembly checkpoint, already described in MM,45 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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