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ABSTRACT

1S3 gene mutations occur in roughly 10% of patients with multi-
ple myeloma (MM); furthermore, DIS3 expression can be affect-
ed by monosomy 13 and del(13q), which occur in approximately
40% of MM cases. Despite several reports on the prevalence of DIS3
mutations, their contribution to the pathobiology of MM remains largely
unknown. We took advantage of the large public CoMMpass dataset to
investigate the spectrum of DIS3 mutations in MM and its impact on the
transcriptome and clinical outcome. We found that the clinical relevance
of DIS3 mutations strictly depended on the co-occurrence of del(13q). In
particular, bi-allelic DIS3 lesions significantly affected progression-free
survival, independently of other predictors of poor clinical outcome,
while mono-allelic events mostly affected overall survival. As expected,
DIS3 mutations affect the MM transcriptome involving cellular process-
es and signaling pathways associated with RNA metabolism, and the
deregulation of a large number of long non-coding RNA, among which
we identiﬁed five distinct transcripts as independent predietors of poorer  gorrespondence:
overall survival and nine of worse progression-free survival, with two
(AC015982.2 and AL445228.3) predicting both unfavorable outcomes. ANtTO’.WNO N%Rl imi
These findings strongly prompt further studies investigating the rele- antonino-nerEunimt s -
vance of these long non-coding RNA in MM.
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Introduction

Multiple myeloma (MM) is a hematologic malignancy that is still incurable
despite the remarkable improvements in treatment and patients’ care.' MM is char-
acterized by a profound genomic instability involving ploidy, structural rearrange- https://doi.org/10.3324/haematol.2021.278342
ments, and a wide array of mutations affecting both putative oncogenes and tumor
suppressor genes, such as KRAS, NRAS, TP53, BRAE TRAF3, FAM46C, and DIS3.>7
These abnormalities are predicted to influence the biological and clinical behavior of
the tumor and yet, despite a clear driver role, only a few carry prognostic value.®*° Material published in Haematologica is covered by copyright.

Among mutated genes, DIS3 deserves great attention; this gene maps to 13q22.1 AU et ) B el SR R B U
and encodes for a highly conserved ribonuclease indispensable for survival in ver- P HEREDE b LS L D R s

©2022 Ferrata Storti Foundation

conditions:
tebrates.! DIS3 is a multidomain protein with two different catalytic activities: a https; //creativecommons.org/licenses/by-nc/4.0/legalcode.
3’-5’ exonucleolytic activity via the RNase II/R (RNB) domain and an Copies of published material are allowed for personal or inter-
endonucleolytic activity via the PilT N-terminal (PIN) domain at the N-termi- nal use. Sharing published material for. nor-commercial pur-
11,12 . . P . . poses is subject to the following conditions:
nus.'"* DIS3 provides catalytic activity to the exosome, a multi-subunit complex oS,/ ereat .
R X R K . K . ttps.//creativecommons.org/licenses/by-nc/4.0/legalcode,
involved in RNA degra.damon and metabolism, 1nc'1udg11% mRNA quality control, sect. 3. Reproducing and sharing published material for com-
gene expression regulatlon, and small RNA processing. ) mercial purposes is not allowed without permission in writing
DIS3 mutations and altered expression have been reported in roughly 10% of from the publisher.

MM patients.5'%” Moreover, DIS3 expression can be affected by monosomy 13
and del(13q), which occur in approximately 40% of MM patients.'®"” DIS3 muta-
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tions are mainly located within the major ribonuclease
domains of the protein, probably impairing DIS3 catalytic
activity, as has been demonstrated to occur for some
mutated residues.!’ Recently, the analysis of a large cohort
of MM patients enrolled in the Multiple Myeloma
Research Foundation (MMRF) CoMMpass study pointed
out that DIS3 mutations are almost exclusively missense,
with no nonsense or frameshift mutations, copy neutral
loss of heterozygosity, or bi-allelic deletions. In addition, a
third of the mutations occur in three codons (D479, D488,
and R780) within the RNB domain, almost never associat-
ed with del(13q); in contrast, the remaining two-thirds of
DIS3 mutations are distributed across the various exons,
almost always associated with del(13q).

Despite the detailed overview of DIS3 mutations, their
functional consequences on MM pathogenesis remain
largely unknown, to the point that it is not clear whether
DIS3 acts as an oncogene or a tumor suppressor gene.”* A
crucial role for the DIS3 ribonuclease has been demonstrat-
ed in human MM cell lines, in which it promotes the mat-
uration of the let-7 microRNA tumor suppressor family;
indeed, through the reduction of mature let-7, DIS3 inacti-
vation enhances the translation of let-7 targets such as MYC
and RAS, leading to enhanced tumorigenesis.”® However,
the extent to which this pathway is affected in MM
patients harboring DIS3 mutations and how it may con-
tribute to myelomagenesis need to be investigated further.

The clinical relevance of DIS3 mutations in MM was
initially investigated by Weissbach et a/;** despite the cau-
tion due to the small size of the cohort investigated, their
data suggested that response to therapy was affected by
DIS3 mutations depending on the presence of such muta-
tions in minor rather than major subclones. Recently, the
analysis of a larger cohort of MM cases at diagnosis
revealed that DIS3 mutations were significantly associat-
ed with shorter event-free survival, showing an even
worse outcome when in association with 13q deletion.
However, overall survival (OS) was not affected.'
Notably, DIS3 mutations retained their significance for
event-free survival in a multivariate analysis including
t(4;14) and the high-risk “double hit” group, i.e. patients
with bi-allelic T7P53 inactivation and amplification of
1g21." However, it is becoming a well-established notion
that, given the complexity of the genetic background in
MM, it is mandatory to assess DIS3 mutations in associa-
tion with other oncogenic events, and their transcriptomic
consequences, to establish their impact on MM
prognosis. %%

Based on these considerations, our study mined genom-
ic and transcriptomic data from cases included in the
MMRF CoMMpass dataset to dissect the impact of DIS3
mutations in the context of the MM genomic landscape in
order to improve the definition of relevant clinical subsets.
In addition, we investigated the transcriptomic profile
related to DIS3 mutations to elucidate its role in myeloma
cells and identify relevant pathways in MM pathobiology.

Methods

Multi-omics data in the CoMMpass study

Multi-omics data regarding bone marrow MM samples at base-
line (BM_1) were freely accessible from the MMRF CoMMpass
study (hups://research.themmtf.org/) and retrieved from the Interim
Analysis 12a (MMRF_CoMMpass_IA12a). Details about molecu-

lar and clinical data of the CoMMpass cohort selected for the pres-
ent study are described in the Online Supplementary Methods.

Statistical and survival analyses

Fisher exact test was applied to verify the association between
genomic alterations in stratified MM cases. The two-tailed P-value
was corrected using the Benjamini-Hochberg method, and adjust-
ed P-values <0.05 were considered statistically significant. Survival
analyses were performed using survival and survminer packages
in R Bioconductor (version 3.5.1) as reported in the Ounline
Supplementary Methods.

Differential expression analysis of the CoMMpass
cohort

A global dataset from 655 MM cases was stratified on the basis
of DIS3 mutation RNA frequency and 56 DIS3-mutated cases
with at least 20% RNA mutational load were considered in the
differential expression analysis. Further steps of analysis are
described in the Online Supplementary Methods. Principal compo-
nent analysis was applied on differentially expressed (DE) anno-
tated transcripts by means of the prcomp function in R. Volcano
plots were used in R to represent significantly up- or down-regu-
lated transcripts. The heatmap of the expression levels of the top
100 DE annotated transcripts, according to the limma B statistics
value, was created using dChip software.”

Functional enrichment analysis on differentially
expressed protein-coding genes

Gene set enrichment analysis (GSEA)* was performed on the
pre-ranked DE protein-coding gene lists based on the fold change
values by computing 1,000 permutations and using default analy-
sis conditions. Further details about GSEA are provided in the
Online Supplementary Methods.

Long non-coding RNA expression validation

We investigated long non-coding (Inc)RNA expression in a pro-
prietary dataset that includes 43 MM patients (Online
Supplementary Table S1), upon written informed consent (Ethical
Committee approval n. 575, 03/29/2018, Fondazione IRCCS Ca’
Granda Ospedale Maggiore Policlinico). Further details about this
analysis are reported in the Online Supplementary Methods.

Results

Assessment of DIS3 mutations in myeloma patients
We focused on a CoMMpass cohort of 930 bone marrow
plasma cell samples from newly diagnosed MM patients
for whom non-synonymous somatic mutation data,
gained by whole exome sequencing, were available (Online
Supplementary Table S2), identifying 103 DIS3 mutations in
94 of the 930 cases (Figure 1A, Online Supplementary Table
S3). The variant allelic frequency ranged between 5.3%
and 100% (mean: 48%; median: 43%). The majority of
mutations were missense variants (100/103) in the coding
region (95/103) or within the region of the splice site
(2/103), whereas in a minority of cases they consisted in
start-lost (3/103). Three mutations were classified as splice
acceptor or donor variants involving intronic sequences
(3/103), all by means of SnpEff&SnpSift tools
(http://snpeff.sourceforge.net/). Strikingly, DIS3 mutations
mainly occurred in the active domains of the protein; in
detail, 70/103 mutations fell within the RNB domain and
ten in the PIN domain. With regard to the main mutational
hotspots reported to occur within the RNB domain, R780



Transcriptomic impact of DIS3 mutations in MM -

A
127 [ start lost
(%]
e
[=
()]
B
©
o
(T
o
o
2
=
B
t(4;24) ©
DIS3mt~ 001
BRAFmt 002
FAM46Cmt  °©
MAF genes trx~ ©
Del/loss 13q14,13q34,RB~ 002
Del/loss 1p22 CDKN2C = 002
TRAF3mt~ 006
KRASmt ™~ 001
HD- 0.01
Gain/amp 1q21~ 001
NRASmt 003
t(11;14)° ©
TP53mt  °
Del/loss 17p13 tp53 = %02
t(8;14)

t(6;14) -

.\y\ ,&b-\

V198G

0.03

0.06

0.02

0.08

0.03

0.07

0.02

0.06

0.04

0.06

E @

o

&
\O'
N

. Splice region variant

Y246D
G249R/E

0.11

0.06

0.1

0.05

0.14

0.15

0.26

0.08

0.06

0.09

0.09

: ¢ & @ & N
P & D & O & LS @& & A
0} 3 e 3 ) 3 Y
RO @Q & ¥ w(,o“‘ R \S&“ & <>\'° '~\
¥ &
e°‘° R
NI

T262P
1275R
G279V

B Mmissense variant A Intronic splice acceptor
or donor variants

G347E

0.06

0.01

0.06

0.07

0.06

0.08

0.06

0.03

0.03

0.04

1349R

Z2v (-3 agqu>SO-a > >Wdaoap-iy Wwoo -3
z8 RS SEEaSaaS RN Ao RneE 498 £ B8
=3 &vssvaﬂcmgﬂmﬁaggawgmﬁphgﬂE",Eﬁ % 8
a enST-a-g> Vos@<¥xdr T o~ < 25
s SS L © 85 o
® T2 o = S X
™
~
58
[aYa]

0 004 057 02 019 0.12 @- 0.04 007 007 021 -
029 016 054 03 025 008 019 . 013 01 0.14 -

02 014 041 [E] 0.18 0.06 0.33 LEJ 0.1 0.08 -

012 03 033 - 021 012 035 036 006 -

0 014 | 06 017 019 004 [ 0.5 -.

0.15 0.15 | 0.48 0.21

012 021 025 0.35

012 0.1 041 037 02 -

024 014 028 lo_sat -

0.03 028 035 .

Figure 1. Distribution of DIS3 non-synonymous somatic variants in 94 patients with multiple myeloma of the CoMMpass cohort and the correlation of the variants
with other genetic alterations. (A) Frequency of the 100 missense single nucleotide variants in DIS3 protein domains schematized below the histogram; the splice
acceptor or donor variants occurring in intronic regions are indicated by red arrows. (B) Plot of co-occurrence of main copy number alterations, IGH translocations and
non-synonymous somatic mutations in 651 cases of multiple myeloma in the CoMMpass dataset entirely profiled by whole exome sequencing and RNA-sequencing.
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@ Table 1. Cox regression univariate analysis in 630 patients with multiple myeloma for whom all data were available.

ISS1 223 (35.4%) 2.59E-06 0.26 (0.15-0.43) 2.00E-07 0.42 (0.31-0.57)
ISS 11 226 (35.9%) 7.13E-01 1.09 (0.76-1.57) 6.08E-01 1.09 (0.85-1.42)
ISS I 181 (28.7%) 1.92E-06 2.60 (1.83-3.70) 2.00E-07 2.08 (1.62-2.68)
del(13q) 281 (44.6%) 9.80E-02 1.46 (1.03 -2.07) 2.TTE-01 1.21 (0.94-1.55)
DIS3mut 17 (2.7%) 9.80E-02 2.41 (1.06 - 5.49) 2.94E-01 1.67 (0.83 -3.39)
del(13q)/DIS3mut 298 (47.3%) 3.71E-02 1.63 (1.14 -2.32) 1.52E-01 1.27 (0.99 -1.63)
del(13q) + DIS3mut 50 (7.9%) 1.45E-01 1.60 (0.93-2.74) 4.03E-02 171 (1.15-2.54)
TP53.alterations (del(17p)/TP53 or TP53mt) 53 (8.4%) 9.42E-01 0.96 (0.50 -1.84) 7.63E-01 0.93 (0.58 -1.49)
1q21 gain/amp 207 (32.9%) 9.80E-02 1.45 (1.02 - 2.07) 5.63E-02 1.38 (1.07-1.78)
TP53.alterations + 1q21 gain/amp 24 (3.8%) 1.60E-04 3.64 (2.00 -6.62) 4.80E-03 2.56 (1.49-4.4)

N-RAS mut 142 (22.5%) 9.42E-01 1.02 (0.65-1.50) 6.31E-01 0.91 (0.68-1.23)
K-RAS mut 155 (24.6%) 4.82E-01 1.18 (0.80-1.74) 5.79E-01 1.12 (0.84-1.48)
BRAF mut 49 (7.8%) 2.64E-01 1.49 (0.84-2.65) 4.49E-01 1.26 (0.81-1.96)
RAS/BRAF mut 310 (49.2%) 3.60E-01 1.22 (0.86-1.74) 6.48E-01 1.07 (0.83-1.37)
TRAF3 mut 48 (7.6%) 1.10E-01 0.39 (0.14-1.05) 6.48E-01 0.88 (0.54-1.44)
FAM46C mut 64 (10.2%) 4.82E-01 1.27 (0.73-2.21) 4.49E-01 1.22 (0.82-1.83)
del(1p)/CDKN2C 190 (30.2%) 7.43E-02 1.55 (1.08 -2.23) 3.27E-01 1.20 (0.92-1.56)
HD 359 (57.0%) 9.80E-02 0.70 (0.50-0.99) 6.60E-02 0.75 (0.58-0.96)
WHSC1-FGFR3.trx 86 (13.7%) 3.60E-01 1.29 (0.82-2.05) 6.60E-02 1.47 (1.06-2.03)
MAEtrx 40 (6.3%) 1.03E-01 1.78 (1.00-3.16) 3.83E-01 1.32 (0.83-2.09)
MYC.trx 26 (4.1%) 1.10E-01 1.91 (0.97-3.78) 2.64E-01 1.55 (0.90-2.66)

was involved in 12 MM cases, whereas D488 and D479
residues were affected in 11 MM samples each (Figure 1,
Online Supplementary Table S3).

We evaluated the association of DIS3 mutations with
the presence of the main /GH chromosomal translocations
in 724 MM cases (Online Supplementary Table S2). A signif-
icant co-occurrence was observed both with t(4;14) and
MAF (MAE, MAFB, or MAFA) translocations (P=0.0035).
The association of DIS3 mutations with copy number
alterations commonly found in MM disease was evaluated
in 847 MM cases, for which specific data were available by
whole exome sequencing (Online Supplementary Table S2).
As expected, a very significant association (P=0.0003) was
observed between DIS3 mutations and del(13q): specifical-
ly, 62 of 86 patients harboring a DIS3 mutation for whom
data on copy number alterations were available showed a
13q deletion (Online Supplementary Table S4). Next, we con-
sidered the distribution of del(13q) across the different
types of DIS3 mutations. Only nine of 29 MM affected by
the mutational hotspots also carried del(13q); notably, the
D479 hotspot was involved in five of these nine cases. In
contrast, 50 of the 54 cases harboring not-hotspot DIS3
mutations were associated with del(13q) (P<0.0001).
Concerning the other main copy number alterations, a
very significant association (P=0.0020) was observed with
1q21 gain/amplification (1q gain/amp), occurring in 45 of
86 DIS3-mutated patients, 38 of whom also carrying
del(13q). In contrast, a highly significant inverse correlation
was found with the hyperdiploid condition (P=0.0003) and
the occurrence of 1p22/CDKN2C loss (P=0.0205).
Moreover, 17p13/TP53 deletions were present in only four

Number (N) and percentage (%) of positive cases are indicated for each variable with the hazard ratio and 95% confidence interval. P values that were statistically significant
after Benjamini-Hochberg adjustment are reported in bold. OS: overall survival; PFS: progression-free survival; HR: hazard ratio; 95% Cl: 95% confidence interval; ISS: International
Staging System; del: deletion; mut: mutation; amp: amplification; HD: hyperdiploid; trx: translocation.

of the 86 cases harboring DIS3 mutations (Online
Supplementary Table S4).

We then looked at the co-occurrence of DIS3 mutations
with the most frequently mutated genes in MM, i.e,,
KRAS, NRAS, BRAE FAM46C, TP53, and TRAF3 (Online
Supplementary Table S2). A statistically significant associa-
tion with DIS3 mutations was only observed for BRAF
mutations (P=0.0126) (Online Supplementary Table S4).
Figure 1B displays the global landscape of co-occurrence of
DIS3 mutations with other main molecular lesions.

Correlation of DIS3 mutations with clinical parameters

We tested the clinical impact of DIS3 mutations in 930
MM cases with available PES and OS data. At a median fol-
low-up of 889 and 868 days for PES and OS, respectively, a
significantly lower survival rate for both OS (log-rank
P=0.039) and PES (log-rank P=0.021) was observed in 94
DIS3-mutated cases compared to 836 DIS3 wild-type MM
cases. Specifically, the median PFS was 800 days in
DIS3-mutated cases versus 1176 days in wild-type MM
cases (Figure 2A, B), whereas the OS evaluated at 3 years
was 65% in DIS3-mutated cases versus 79% in the wild-
type group.

As described above, DIS3 mutations co-occur signifi-
cantly with del(13q) and therefore with the loss of the sec-
ond allele, a finding affecting several other genes in MM.
Such a result prompted us to stratify the cases in the
CoMMpass series into four groups according to the
absence of both mutated DIS3 and del(13q) (381 cases); the
presence of only a DIS3 mutation (24 cases); the del(13q)
alone (380 cases); or the occurrence of both a DIS3 muta-

- 924 haematologica | 2022; 107(4)
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Figure 2. Impact of DIS3 mutations on clinical outcomes. (A, B) Kaplan-Meier survival curves of 930 patients with multiple myeloma (MM) stratified according to
the occurrence of DIS3 mutations with respect to overall survival (A) and progression-free survival (B). (C, D) Kaplan-Meier survival curves of 847 patients stratified
into four molecular groups according to the presence of DIS3 mutation and del(13q) as single or bi-allelic alterations, with respect to overall survival (C) and progres-
sion-free survival (D). Log-rank test P-value measuring the global difference between survival curves and numbers of samples at risk in each group across time are
reported. Log-rank test P-values of pairwise comparisons are also reported in (C, D). Statistically significant adjusted P-values following Benjamini-Hochberg (P<0.05)
are in bold red. The median follow-up time for the overall survival analysis was 862 days (interquartile range, 594-1,092 days) while that for progression-free survival
was 828 days (interquartile range, 535-1,094 days). OS: overall survival; PFS: progression-free survival; del: deletion; mt: mutated; WT: wild-type.

tion and del(13q) (62 cases). As depicted in Figure 2C, D,
the presence of the bi-allelic alterations was associated
with a poor prognosis in comparison to the wild-type con-
dition, with respective 3-year OS rates of 62% versus 82%,
and a median PES of 772 days versus 1215 days.
Furthermore, we tested the prognostic impact on both
PES and OS of DIS3 mutations and del(13q), as single or bi-
allelic lesions, along with other parameters, in 630 MM
patients for whom all the information was available (Table
1). A significantly increased risk of death or progression
was associated with International Staging System (ISS)
stage III and the occurrence of 1q gain/amp in association

haematologica | 2022; 107(4)

with TP53 alterations. Moreover, a higher risk of having a
shorter OS was also associated with DIS3 mutations or
del(13q) as single events (mono-allelic condition). In con-
trast, the bi-allelic condition was associated with a shorter
PES. In contrast, ISS stage [ was associated with significant-
ly shortened time to both death and progression (Table 1).
Notably, all these features retained their independent prog-
nostic power both for OS and PES when tested in Cox
regression multivariate analysis (Figure 3).

Based on such differential effects of mono- or bi-allelic
DIS3 lesions, we re-analyzed the association of these
events with the known MM oncogenic lesions. Regarding
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Figure 3. Impact of DIS3 mutations and other clinical/molecular variables on survival of patients with multiple myeloma. (A, B) Forest plots of Cox regression mul-
tivariate analyses considering all features with adjusted P-value <0.05 in univariate analysis with regards to overall survival (A) and progression-free survival (B), in
630 patients with multiple myeloma from the CoMMpass cohort for whom all considered data were available. The hazard ratio, 95% confidence interval and P-value
are reported for each variable. A global log-rank P-value is reported for each analysis. OS: overall survival; PFS: progression-free survival; ISS: International Staging

System.

the main /GH translocations, t(4;14) was exclusively relat-
ed to the bi-allelic condition (P=0.0170). Furthermore, a
higher prevalence of 1q gain/amp was observed in patients
with bi-allelic DIS3 events (61% vs. 29%). Finally, a larger
fraction of FAM46C mutated cases was evidenced in cases
carrying only a DIS3 mutation (5.3% vs. 3.1%) (Online
Supplementary Table S5).

Finally, we attempted to clarify further the prognostic
relevance of DIS3 mutations in relation to well-established
first-line regimens, as described in the CoMMpass dataset.
In this respect, 930 MM patients (94 of whom harboring
DIS3 mutations) were grouped according to the type of
therapy they had received: bortezomib/ immunomodula-
tory drug (IMID)-based, bortezomib-based, IMID-based,
or carfilzomib-based (i.e., combining IMID/carfilzomib,
bortezomib/IMID/carfilzomib, or single-agent carfilzomib
schedules). Overall, carfilzomib-based regimens signifi-
cantly improved both OS and PES compared to all other
types of combination therapies (Online Supplementary
Figure S1). However, no significant difference in either OS
or PFS was detected among DIS3-mutated cases irrespec-
tive of the specific therapy scheme (Online Supplementary
Figure S2). These results suggest that DIS3 mutations could
negatively affect carfilzomib-based therapies. However,
further validation in a larger prospective cohort of patients
is warranted.

Transcriptional expression changes associated with
DIS3 mutations and del(13q)

To define the gene expression signatures and molecular
pathways associated with DIS3 mutations, we focused on
cases with expression of the mutation at meaningful lev-
els, thus opting for a stringent cut-off of 20% on RNA

mutational load (RNA_ALT_FREQ), chosen on the basis of
analysis of the receiving operating characteristic curve
(area under the curve, 98%) according to DNA mutational
level (variant allele frequency) (Online Supplementary Table
S3, Online Supplementary Figure S3A). In further support of
this cut-off value, we found a significant global correlation
(Pearson correlation r=0.94) between DNA and RNA
mutational levels in those 56 MM cases with >20% DIS3
RNA mutational load, compared to the remaining 17 MM
cases with lower RNA somatic variant frequencies
(1=0.30) (Online Supplementary Figure S3B, C). Furthermore,
significantly shorter OS (log-rank P=0.013) and PFS (log-
rank P=0.0013) were observed in the 56 MM cases with a
>20% DIS3 RNA mutational load compared to the 836
DIS3 wild-type cases. To note, no significant difference
was appreciated between DIS3 sub-clonal mutations (i.e.,
<20% DIS3 RNA mutational load) and wild-type cases
(Online Supplementary Figure S4).

For the analysis, we therefore considered a total of
28,346 expressed transcripts and compared the expression
profiles in 56 DIS3-mutated cases versus 582 DIS3 wild-
type MM cases. A list of 7,167 DE transcripts, 6,564 of
which annotated, was obtained at a low stringency cut-off
(false discovery rate <10%). Among them, 3,464 protein-
coding genes and 2,062 IncRNA resulted mostly upregulat-
ed (79%) in DIS3-mutated patients compared to unmutat-
ed vpatients (Online Supplementary Table S6, Online
Supplementary Figure S5). Principal component analyses
based on the expression levels of the 6,564 DE annotated
transcripts stratified according to the del(13q) aberration
confirmed the strong association between DIS3 mutations
and del(13q) (Figure 4A). Furthermore, the heatmap of the
top 100 most significantly upregulated transcripts, almost
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all involving IncRNA (82%), in the stratified MM samples
revealed a stronger pattern of positive regulation in the bi-
allelic condition with respect to DIS3 mutations or del(13q)
alone, compared to DIS3 wild-type MM cases (Figure 4B).

Based on these findings, we compared the global
expression profiles associated with each lesion (13 cases
with DIS3 mutations, 289 cases with del(13q), and 38
cases with bi-allelic alteration) to the wild-type condition
(293 cases). We found a shared set of 430 DE transcripts
(of which 405 annotated) in all three comparisons, 305 of
which were IncRNA, whereas 56 were classified as pro-
tein-coding genes (Figure 4C). Interestingly, 295 out of 405
transcripts showed a cumulative effect of deregulation
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= DIS3mt_del(13q)_pos
+ DIS3 WT_del(13q)_neg
» DIS3 WT_del(13q)_pos

DIS3 WT
del(13q)_neg
|

Del(13q) Figure 4. Transcriptional expression changes associated
with DIS3 mutations and del(13q). (A) Principal compo-
nent analyses of 6,564 differentially expressed tran-
scripts in 56 cases of multiple myeloma (MM) with >20%
mutated DIS3 (DIS3mt) versus 582 DIS3 wild-type (DIS3
WT) cases. (B) Heatmap of the top 100 differentially
expressed transcripts according to B statistics value, in
56 DIS3 >20% mutated versus 582 DIS3 WT MM cases.
The colored scaled bar represents standardized rows by
subtracting the mean and dividing by the standard devia-
tion. Samples in each group are further stratified accord-
ing to the occurrence of del(13q) aberration: 5 DIS3mt
and not available (nd) for del(13q) MM cases, 38 MM
cases with bi-allelic alteration, 13 MM carrying only
DIS3mt, 289 MM with del(13q) as a single lesion and
293 WT MM cases. (C) Venn diagram of differentially
expressed transcript lists resulting from 13 MM with DIS3
mutation, 289 MM with del(13q) as a single lesion, or 38
MM carrying bi-allelic alteration compared to 293 WT MM
cases.

across patients with mono-allelic and bi-allelic lesions
(Online Supplementary Table S7).

Protein-coding genes: molecular pathways and gene
sets modulated in association with DIS3 mutations

In order to define which molecular pathways could be
modulated in relation to the occurrence of DIS3 mutations
in MM, GSEA was performed on the list of DE protein-
coding genes that were ranked based on fold change val-
ues (Online Supplementary Table S6).

The enrichment map on the top 100 GSEA gene sets
based on gene ontology biological process terms revealed
a complex network of connected functional modules
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Table 2. Summary information on the 12 long non-coding RNA significant in multivariate analysis.

ENSG00000232519 novel transcript, 1q22 155609776 155610380 -1 MSTO1 r = .38, P<6.08E-16

AL353807.2 AS to MSTOI1

ENSG00000235919 ASHILASRNA1 1q22 155562042 155563944 1 ASHIL; r=0.34, P< 6.08E-16

ASHIL-AS] [Source:HGNC Symbol; AL353807.4 1= 0.63, P< 6.08E-16
Acc:HGNC:44146]

ENSG00000271991 novel transcript, 2p24 19902025 19902569 1 TTC32 r = (.40, P<6.08E-16

AC013400.1 AS to TTC32

ENSG00000271387 novel transcript, 1q25 184385753 184386704 -1 Clorf21 r= (.69, P<6.08E-16

AL4452282 AS to Clorf21

ENSG00000272606 novel transcript, 2pl6 55617909 55618373 1 PNPT1 r=(.15, P=2.70E-05

AC015982.2 AS to PP4R3B

ENSG00000236206 novel transcript, 1q24 165598356 165624084 1 MGST3 r = (.28, P=8.93E-15

AL356441.1 sense to MGST3

ENSG00000255647 novel transcript, 5q14 90410000 90410669 1 CETN3 r= (.13, P=6.39E-04

AC093510.1 AS to CETN3

ENSG00000259775 novel transcript, 1432 103331674 103332367 -1 EIF5 r= (.30, P<6.08E-16

AL138976.2 AS to EIF5

ENSG00000260236 novel transcript, 3p2l 47379089 47380999 -1 PTPN23 r=0.11, P=442E-03

AC099778.1 AS to PTPN23

ENSG00000272426 novel transcript, 1p36 16904339 16904776 -1 RNU1-2 r=(.15, P=3.00E-05

BX284668.6 AS to CROCC CROCC r=0.18, P=1.36E-06

ENSG00000272716 novel transcript, 2p22 32165046 32165757 -1 SLC30A6 r=0.07, P=8.94E-(2

AL121658.1 AS to SLC30A6 SPAST r=0.15, P=2.7T1E-05

ENSG00000273355 novel transcript, 18pl1 813274 813756 1 YESI r=0.16, P=1.93E-05

AP000894.4 AS to YESI

*The significance in multivariate analysis is indicated for overall survival (underlined Gene stable ID), overall survival and progression-free survival (italicized Gene stable ID),
or progression-free survival (Gene stable ID in plain text). The four IncRNA in bold are those validated by quantitative reverse transcriptase polymerase chain reaction.
**Neighbor genes belonging to the list of differentially expressed genes (Online Supplementary Table S6) are marked in bold. ID: identity; Chr: chromosome; AS: antisense.

mainly concerning RNA and protein metabolism, cell-
cycle regulation, nucleosome organization, immune
response, cell proliferation and apoptosis, cell adhesion
and tissue development (Online Supplementary Figure S6).
Furthermore, GSEA revealed a significant enrichment of
transcriptional signatures some of which known to be dis-
tinctively associated with main IGH translocations (Online
Supplementary Table S8), likely in agreement with the co-
occurrence of DIS3 mutations and t(4;14) or MAF translo-
cations (Online Supplementary Table S4), or in an opposite
manner, with the hyperdiploid condition (Online
Supplementary Tables S4 and S8). Therefore, with the aim
of identifying DE transcripts more specifically related to
DIS3 mutations, we investigated the transcriptional pro-
files in MM subgroups with a more homogeneous genetic
background, each of them stratified according to the
occurrence of DIS3 mutations: i.e., patients carrying
t(4;14) and 1q gain/amp; MAF translocations and 1q
gain/amp; or hyperdiploid cases (Online Supplementary
Figure S7A). Whereas no significant DE transcripts were
identified in cases with both MAF translocations and 1q
gain/amp (likely due to the limited number of cases),
almost 90% of the DE transcripts from the other two
comparisons overlapped with the original transcriptional
signature (Online Supplementary Figure S7A). Overall, we
identified 1,542 shared DE transcripts that could be likely
considered as distinctively associated with DIS3 muta-

tions; notably, these transcripts corresponded to the most
significantly deregulated ones in the global DE list (Online
Supplementary Table Sé, Online Supplementary Figure S7B).
Focusing on the shared 490 coding transcripts (Online
Supplementary Table S6, Online Supplementary Figure S7C),
GSEA identified a number of gene sets among those pre-
viously obtained from the global analysis; in particular, we
confirmed downregulation of the oxidative phosphoryla-
tion gene set along with genes involved in RNA and
amino acid metabolism and translation, and upregulation
of the interferon signaling gene set (Online Supplementary
Figure S8, Online Supplementary Table S8).

Finally, the shared DE transcript list associated with
DIS3 mutations was particularly enriched in IncRNA
(782/1542: 51% of all DE transcripts) (Online
Supplementary Table S6, Online Supplementary Figure S7D),
thus further supporting the notion of a distinctive and
stronger impact of DIS3 mutations on the ncRNA tran-
scriptome.

Differential expression patterns of long non-coding
RNA associated with DIS3 mutations

LncRNA transcriptional patterns specifically associated
with DIS3 mutations were further investigated. In detalil,
based on the pronounced heterogeneity of IncRNA and
their lower expression levels as compared to coding tran-
scripts, we applied a more stringent analysis on the 782



shared DE IncRNA, and focused on the 50 most significant
ones (false discovery rate <1%). All IncRNA were upregu-
lated in DIS3-mutated cases compared to DIS3 wild-type
cases and were mainly represented by IncRNA antisense
to coding genes (80%); the remaining cases included three
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Figure 5. Long non-coding RNA with clinical relevance in patients with multiple myeloma. Scheme of the genomic region of the four long non-coding (Inc)RNA val-
idated by means of quantitative reverse transcriptase polymerase chain reaction in 43 patients with newly diagnosed multiple myeloma including 13 with DIS3 wild-
type (WT), 14 with DIS3 WT and del(13q), seven with DIS3 mutation (DIS3mt), and nine with DIS3mt and del(13q). Primer positions are indicated in red below each
IncRNA. Differential expression was assessed by the Wilcoxon signed-rank test and statistically significant P-values (<0.05) are reported above each boxplot. Dunn
test. P-values for pairwise comparisons are reported in tables under each boxplot, with statistically significant P-values in bold red.
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lished regulator of MM, known to be altered during the
initiation and progression of MM.”

Based on the recurrent evidence that the transcription of
mRNA and IncRNA appears to be closely regulated, lead-
ing to a cis-regulatory relationship,”*® we investigated the
levels of expression of overlapping or nearby transcripts
localized in close proximity to the 50 IncRNA (in a win-
dow up to 65 kb). We considered 81 mRNA-IncRNA pairs
and analyzed the correlation between their expression lev-
els across the entire dataset of 767 MM cases profiled by
RNA-sequencing in the CoMMpass cohort. A significant
Pearson correlation (r>0.5, P<6.08x10%) was observed for
nine IncRNA-gene pairs; among them, AL121672.3 and
MIRLET7BHG, both mapping at 22q13, showed a relevant
correlation with each other (r=0.65) and with the PRR34
gene (r=0.66 and 1=0.73, respectively) (Online
Supplementary Table 510).

Clinical relevance of long non-coding RNA

Next, all 50 IncRNA were tested for their relationship to
OS and PES using Kaplan-Meier survival analysis on the
767 MM cases with available RNA-sequencing and sur-
vival data. Groups with high versus low expression were
determined according to the mean cut-off value for each
IncRNA expression level across the entire dataset.
Interestingly, higher levels of expression were associated
with a poorer clinical outcome in terms of PFS for 35 out
of all the 50 tested IncRNA. Furthermore, 15 of them
showed an unfavorable prognosis in terms of OS (Online
Supplementary Figure S9, Online Supplementary Table S11).

The clinical impact of the 35 IncRNA with poorer clini-
cal outcome was further investigated by Cox regression
univariate analysis. For 21 IncRNA, their higher expression
level was associated with a significantly higher risk in PES,
and for five of them (AC015982.2, AL353807.2,
AC013400.1, ASH1L-AS1, and AL445228.3) also in OS
(Online Supplementary Table S12). Next, for all these 21 sig-
nificant IncRNA, high and low IncRNA expression levels
were tested in 630 cases, together with other clinically rel-
evant characteristics, i.e. ISS stage [ and III, the occurrence
of 1q gain/amp in association with TP53 alterations, the
presence of DIS3 mutations or del(13q) as single events for
OS, or in a bi-allelic condition for PES. Notably, all the five
IncRNA associated with a shorter OS retained their clini-
cal impact when tested in Cox regression multivariate
analysis. Two of them (AC015982.2 and AL445228.3)
retained an independent significant prognostic power also
for PFS; besides these two IncRNA, another seven
(AC099778.1, AP000894.4, AL121658.1, AL356441.1,
BX284668.6, AC093510.1, AL138976.2) were found to be
independent predictors of PES at multivariate analysis
(Table 2, Online Supplementary Table S13). Of note, the bi-
allelic condition lost its independent clinical impact in all
the multivariate analyses of the nine IncRNA significant
for PES (Online Supplementary Table 513).

Overall, from our analysis 12 IncRNA were predicted to
have substantial clinical relevance (Table 2). Specifically, 11
of them code for novel transcripts, and four are antisense
to known transcripts whose expression level, when
detectable, was highly positively correlated (Table 2,
Ounline Supplementary Table S10). Interestingly, we found
four couples of IncRNA-coding genes (antisense or nearby)
located on chromosome 1q with highly correlated expres-
sion (Table 2); these coding genes (MGST3, ASH1L,
MSTO1, and Ctorf21) were also significantly upregulated

in DIS3-mutated samples as compared to unmutated ones
(Online Supplementary Table S6). Finally, the expression of
some (AC093510.1, AC015982.2, AL138976.2, and
AC099778.1) of these IncRNA was validated by quantita-
tive reverse transcriptase polymerase chain reaction in 43
newly diagnosed MM proprietary samples previously
characterized for the presence of DIS3 mutations and for
which material was available (Online Supplementary Table
S1). In detail, we found that AC093510.1, AC015982.2, and
AL138976.2 were significantly upregulated in MM with
DIS3 mutations without del(13q) as compared to in DIS3
wild-type samples, whereas AC099778.1 was significantly
upregulated only in the bi-allelic condition (Figure 5).

Discussion

We took advantage of the large publicly available
CoMMpass dataset to investigate the type and frequency
of DIS3 mutations in MM and their impact on the tran-
scriptional signature and clinical outcome.

In agreement with previously reported da we
assessed that the frequency of DIS3 mutations in newly
diagnosed MM is approximately 10%; notably, DIS3
mutations were associated with del(13q) as bi-allelic events
in 72% of cases. The majority of DIS3 mutations are mis-
sense. Together with their clustering at particular codons,
the lack of truncating mutations is not typical of a tumor-
suppressor gene and may suggest an oncogenic potential
for DIS3. DIS3 mutations showed a clear pattern of co-
occurrence with other molecular alterations, mainly chro-
mosomal translocations. This phenomenon could be
explained through the interaction between the RNA exo-
some and the protein activation-induced cytidine deami-
nase (AID) during the process of class switching and hyper-
mutation in B cells;* indeed, DIS3 mutations could indi-
rectly, through disruption of an interaction with AID,
cause mis-targeting of the somatic hypermutation process
leading to chromosomal translocations. In particular, DIS3
mutations are associated with t(4;14), this combination
defining a poor prognostic MM subgroup.'s However, our
analyses pointed out that t(4;14) occurred statistically sig-
nificantly in patients with bi-allelic lesions, in agreement
with the very frequent association between t(4;14) and
del(13q) alterations. Notably, the oncogenic events that
most frequently co-occurred with DIS3 mutations were
del(13q), 1q gains, t(4;14) and MAF translocations. Overall,
this spectrum of molecular lesions suggests a functional
constraint of cooperating oncogenic events in MM, with a
selection of later lesions being restricted by the ones
appearing first in the transformed cell. With regard to this,
DIS3 mutations were found to be both clonal in some
patients and subclonal in others, meaning they might func-
tion sometimes as early and sometimes as late hits.”*

Our study also pointed out that the clinical relevance of
DIS3 mutations depended strictly on the co-occurrence of
del(13q). In detail, we established that the bi-allelic lesions
significantly affected PES, whereas the mono-allelic condi-
tion predicted worse OS. Notably, these alterations
remained valuable independent predictors even when
tested in combination with the clinical and poor prognosis
molecular variables used to foresee clinical outcome. The
differential impact of the bi-allelic or mono-allelic lesions
on MM outcome could be related to the fact that our data
highlighted two patterns of DIS3 lesions: one in which
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del(13q) co-exists with non-hotspot DIS3 mutations, and
a second in which hotspot DIS3 mutations rarely show
loss of heterozygosity through bi-allelic events. Again,
this is a rather intriguing pattern that may suggest either
haploinsufficiency for some mutations and not others, or
a different function with some mutations showing loss
and others showing gain of function. This might also
explain the different clinical consequences on PES and OS
observed with the two genetic statuses. Indeed, previous
reports showed how different types of DIS3 mutations
could lead to diverse biological effects either by impairing
exosome function through reduced/modified DIS3 activi-
ty,'"! or through a dominant-negative effect exerted by
mutated DIS3 on the other catalytic subunit, Rrp6, acting
in the exosome complex.”

DIS8 is a key component of the multisubunit RNA exo-
some complex in eukaryotic cells involved in the process-
ing, quality control and degradation of virtually all classes
of RNA. Our study further supports and extends the
notion that DIS3 mutations affect the transcriptome,
showing a stronger impact on noncoding RNA species,
mainly IncRNA. Indeed, we found that approximately half
of the DE transcripts predicted to be specifically related to
the presence of DIS3 mutations are represented by novel,
largely uncharacterized IncRNA. Among them, we high-
lighted 12 IncRNA, five of which are independent predic-
tors of poorer OS and nine of worse PES, with two of
them (AC015982.2 and AL445228.3) predicting both.
Moreover, the clinical impact of the nine IncRNA predict-
ing inferior PFS at higher expression levels was independ-
ent of the genetic status of DIS3. The effect of these 12
IncRNA on the pathobiology of MM disease remains to be
fully elucidated; indeed, they are all novel transcripts,
none of them currently reported as being associated with
cancer. Interestingly, some of them showed a strict corre-
lation in terms of expression levels with the corresponding
nearby genes, thus suggesting a cis-regulatory relationship
between the paired transcripts. Although these findings
need to be investigated further, this could be the case for
genes involved in fundamental molecular pathways, such
as MGST3, involved in the production of leukotrienes and

prostaglandin E, which are important mediators of inflam-
mation;® ASH1L, a methyltransferase already known to
be involved in cancer;* and MSTO1, important for mito-
chondrial fusion and intracellular distribution.*® Along
with these findings, the patterns observed in the context
of the DE coding transcripts associated with DIS3 muta-
tions are also interesting. Indeed, we found downregula-
tion of gene sets related to oxidative phosphorylation,
metabolism of RNA or amino acids, and translation, and
contrariwise, upregulation of interferon signaling. These
transcriptomic changes are in line with the functional role
of DIS3 in RNA metabolisms®***” and in agreement with
what has been described for yeasts in which mutations
have been extensively investigated.*® In particular, the pre-
dicted enhanced interferon activity may represent a
response to the accumulation of RNA substrates in cells
following a deficiency of DIS3.%

Overall, our comprehensive evaluation of the clinical
and transcriptional consequences of DIS3 mutations/defi-
ciency in MM strongly indicates that they may play an
important role in the mechanisms of MM transformation
and progression. Our results may provide important
insights for functional studies in order to better under-
stand such mechanisms in MM.
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