
736 haematologica | 2021; 106(3)

Received: September 13, 2019.

Accepted: February 12, 2020.

Pre-published: February 20, 2020.

©2021 Ferrata Storti Foundation
Material published in Haematologica is covered by copyright.
All rights are reserved to the Ferrata Storti Foundation. Use of
published material is allowed under the following terms and
conditions: 
https://creativecommons.org/licenses/by-nc/4.0/legalcode. 
Copies of published material are allowed for personal or inter-
nal use. Sharing published material for non-commercial pur-
poses is subject to the following conditions: 
https://creativecommons.org/licenses/by-nc/4.0/legalcode,
sect. 3. Reproducing and sharing published material for com-
mercial purposes is not allowed without permission in writing
from the publisher.

Correspondence: 
MICHAEL A. BAUER
mbauer2@uams.edu

Haematologica 2021
Volume 106(3):736-745

ARTICLE Plasma Cell Disorders

https://doi.org/10.3324/haematol.2019.235424

Ferrata Storti Foundation

Disruption of the normal splicing patterns of RNA is a major factor
in the pathogenesis of a number of diseases. Increasingly
research has shown the strong influence that splicing patterns

can have on cancer progression. Multiple myeloma is a molecularly het-
erogeneous disease classified by the presence of key translocations, gene
expression profiles and mutations but the splicing patterns in MM
remains largely unexplored. We take a multifaceted approach to define
the extent and impact of alternative splicing in MM. We looked at the
spliceosome component, SF3B1, with hotspot mutations (K700E and
K666T/Q) shown to result in an increase in alternative splicing in other
cancers. We discovered a number of differentially spliced genes in com-
parison of the SF3B1 mutant and wild type samples that included,
MZB1, DYNLL1, TMEM14C and splicing related genes DHX9, CLASRP,
and SNRPE. We identified a broader role for abnormal splicing showing
clear differences in the extent of novel splice variants in the different
translocation groups. We show that a high number of novel splice loci is
associated with adverse survival and an ultra-high risk group. The enu-
meration of patterns of alternative splicing has the potential to refine
MM classification and to aid in the risk stratification of patients.
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ABSTRACT

Introduction

Multiple myeloma (MM) is a plasma cell disorder and is the second most com-
mon hematological malignancy diagnosed in the United States. MM is character-
ized by primary etiologic events involving the gain of odd numbered chromo-
somes seen in 50% of patients and structural variants involving rearrangement to
the immunoglobulin loci. These structural variants result in the relocation of a
super-enhancer in proximity to an oncogene, resulting in its over-expression.
These events subdivide non-hyperdiploid MM into 5 main groups: t(4;14) (12%),
t(6;14) (1%), t(11;14) (15%), t(14;16) (3%) and t(14;20) (2%).1,2 Despite extensive
work to characterize the myeloma genome, sequencing studies have only identi-
fied 63 key driver genes.1 The median number of driver events per sample is five,
but in a subset of samples none are detectable suggesting that we are missing driv-
ers. Missing drivers may either be located in the non-coding genome or involve a
mechanism that is difficult to demonstrate. Alternative splicing is one such mech-
anism that has the potential to be a significant driver of disease.3-7 It is estimated
that 90% of protein-coding genes undergo alternative splicing to produce multiple
transcripts.8 Disruption of the splicing mechanism has the potential to have a large
impact on the transcriptome and ultimately key regulatory pathways.
The spliceosome comprises a multi-component enzyme system that facilitates

the splicing of pre-mRNA. The spliceosome removes an intron and subsequently
ligates the proximal 5’ and 3’ exons. An intron is identified by the spliceosome
through the recognition of four consensus elements which include: the 5’ splice



site; the 3’ splice site; a branch point located upstream of
the 3’ splice site; and lastly a polypyrimidine tract located
between the splice site and branch point, which aids the
recruitments of splicing factors.9,10 SF3B1, a component of
the spliceosome, is essential for correct binding and splic-
ing of pre-mRNA.
SF3B1 mutations causing alternative splicing are com-

mon in hematological malignancies, especially in chronic
lymphocytic leukemia (CLL) and myelodysplastic syn-
dromes (MDS), where they are mutated at a rate of 5-
18% and 30%, respectively.11-14 Mutation in SF3B1 has
also been shown to result in alternative splicing in uveal
melanoma and breast cancer.15,16 In MM, SF3B1 is a driver
gene and is mutated in 1.7% of patients. Hotspot muta-
tions in SF3B1 at codons K700 and K666 result in a
change-of-function, altering the preference for a cryptic 3’
splice site selection over the canonical 3’ splice site.17,18
The potential downstream effects include the production
of transcripts that are either translated to abnormal pro-
teins or undergo nonsense-mediated decay resulting in
downregulation of the canonical transcript. In this work,
we investigate the spectrum of mutations in SF3B1, their
downstream impact, and the greater role alternative splic-
ing plays in the pathogenesis of MM.

Methods

Ethics statement
The University of Arkansas for Medical Sciences Institutional

Review Board determined that this project is exempt and is not
classified as human subject research.

Samples and sequencing analysis
We analyzed 598 newly diagnosed MM (NDMM) samples

from the CoMMpass dataset which contains whole exome
sequencing and RNA-seq data that were uniformly processed.
Figure 1 shows a CONSORT flow diagram of the breakdown of
available samples for the four different analyses performed on the
data. WES data were analyzed for mutations using a previously
described pipeline.1,19 RNA-seq data was analyzed using a pipeline
that included the transcript aligner STAR20 (v2.5.1b). Salmon21

(v0.7.2) was used to align reads to the transcriptome and quantify
expression at the gene and transcript level.

Differential splicing analysis
We took a multifaceted approach to identify differential splicing

and exon usage. Sequencing alignment and quality control (QC)
metrics were determined using QoRTs22 (v1.2.42), including quan-
tification of the number of known splice junctions (annotated
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Figure 1. CONSORT flow diagram of breakdown of sample subsets used for each analysis. Four subsets of the data were used, which included the SF3B1 mutation
analysis, novel splicing in the entire dataset, as well as novel splicing in the multiple myeloma subgroups t(4;14) and t(11;14). Reasons for exclusion of samples for
each analysis are provided. CoMMpass: Clinical Outcomes in Multiple Myeloma to Personal Assessment of Genetic Profile; n: number.



splice junctions), novel splice junctions and read counts of differ-
ent genomic features for downstream analysis. JunctionSeq23

(v1.10.0) was used to perform differential splicing and exon usage.
Similarly, DEXSeq24 (v1.26.0) was used to identify differential
exon usage. Finally, SUPPA225 (v2.2.2) was used to identify alterna-
tive splicing and the type of splicing event. lncScore26 (v1.0.2) was
used to calculate the coding potential of transcripts with novel
splice junctions and provides a call of non-coding or coding. A
score closer to one is an indication of the confidence of it being
protein coding.
Additional details of the pipelines and software used for data

analysis are available in the Online Supplementary Appendix.

Results

Hotspot mutations are associated with differential
splicing
We identified non-synonymous SF3B1 mutations in

1.7% (n=21) of NDMM samples. The mutations consisted
of 21 missense and one splice site mutation (one sample
had 2 mutations) (Figure 2). Of the 21 samples with
mutated SF3B1, 11 had accompanying RNA-seq data. Of
the missense mutations, six were in known hotspots at
codons K666 and K700. To confirm that only the hotspot
mutation in SF3B1 contributed to aberrant splicing, the 11
SF3B1 mutants were compared against 11 wild-type
SF3B1 samples for aberrant splicing patterns. The com-
parator group was matched for key MM molecular sub-
types (Table 1) resulting in just four significantly differen-
tially spliced genes.

We went on to analyze samples with hotspot mutations
and the five (one did not have RNA-Seq data) samples
with such mutations were compared to the original con-
trol group of 11 samples. This analysis showed a marked
increase in the number of significant differentially spliced
events after multiple testing correction (435 significant
splicing events compared to just four using all SF3B1
mutants). The median variant allele frequency (VAF) for
the SF3B1 missense mutations was 0.3 (range 0.1-0.64).
There was no significant difference in the median VAF
between hotspot and non-hotspot mutations in SF3B1,
suggesting clonal versus sub-clonal mutations were not
responsible for the lack of splicing in the non-hotspot sam-
ples (Online Supplementary Figure S1). Investigation of
SF3B1 expression at both the gene and transcript level
between groups showed no significant difference (Online
Supplementary Figure S2), confirming that the detected dif-
ference in splicing was also not due to a change in the level
of SF3B1 expression. There was no significant difference
in any other recurrent non-synonymous gene mutations
between the hotspot SF3B1mutant and the control group.

Differential splicing analysis identifies a large number
of significantly differentially spliced events in SF3B1
mutant samples
To assess the extent of differential splicing three tools

were used each looking at different components of the
splicing process. Comparing SF3B1mutants with the con-
trols showed that 953 genes were significantly differen-
tially spliced (Online Supplementary Tables S1-S5). The
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Table 1. Multiple myeloma sample characteristics used in the comparison of controls versus SF3B1 mutants.
Sample ID                    Group                     TC                    HRD                IMWG risk             ISS           TC6 calls         Protein change             VAF

MMRF_2326                SF3B1_mut                 t(4;14)                   nHRD                Standard risk                I                  MMSET                    p.K666T                       0.39
MMRF_2240                SF3B1_mut                t(11;14)                  nHRD                Standard risk              III                 CCND1                    p.K666Q                       0.26
MMRF_2365                SF3B1_mut                t(11;14)                  nHRD                Standard risk              III                 CCND1                    p.K700E                       0.29
MMRF_2497                SF3B1_mut                                                 nHRD                Standard risk                I                       D2                        p.K666T                       0.21
MMRF_2035                SF3B1_mut                                                  HRD                 Standard risk              III                     D2                        p.K666T                       0.35
MMRF_1796                SF3B1_mut                                                  HRD                 Standard risk                I                       D2                        p.S908L,                       0.65,
                                                                                                                                                                                                                                       p.S851C                       0.44
MMRF_2220                SF3B1_mut                 t(4;14)                   nHRD                Standard risk               II                 MMSET                   p.W938C                       0.25
MMRF_1780                SF3B1_mut                t(11;14)                  nHRD                Standard risk              III                 CCND1                   p.F1202C                      0.19
MMRF_1683                SF3B1_mut                t(14;16)                  nHRD                Standard risk               II                    MAF                       p.M784I                       0.57
MMRF_2082                SF3B1_mut                                                  HRD                 Standard risk                I                       D2                         p.V727L                       0.34
MMRF_2458                SF3B1_mut                t(11;14)                  nHRD                Standard risk               II                  CCND1                    p.D894H                       0.36
MMRF_2093                    Control                     t(4;14)                   nHRD                    High risk                   II                 MMSET                                                             
MMRF_1157                    Control                    t(11;14)                  nHRD                Standard risk                I                  CCND1                                                              
MMRF_1512                    Control                                                      HRD                 Standard risk               II                      D1                                                                  
MMRF_1446                    Control                    t(11;14)                  nHRD                Standard risk                I                  CCND1                                                              
MMRF_1860                    Control                    t(11;14)                  nHRD                     Low risk                    II                  CCND1                                                              
MMRF_2339                    Control                    t(11;14)                  nHRD                     Low risk                    I                  CCND1                                                              
MMRF_1029                    Control                                                      HRD                      Low risk                    I                       D2                                                                  
MMRF_1695                    Control                                                     nHRD                Standard risk              III                     D1                                                                  
MMRF_1210                    Control                                                      HRD                 Standard risk                I                       D1                                                                  
MMRF_1462                    Control                     t(4;14)                   nHRD                Standard risk                I                  MMSET                                                             
MMRF_1855                    Control                    t(14;16)                  nHRD                Standard risk                I                     MAF                                                                
TC: translocation; HRD/nHRD: hyperdiploid/non-hyperdiploid; IMWG Risk: International Myeloma Working Group Risk; IIS: International Staging System (multiple myeloma prog-
nosis); TC8: translocation Cyclin-D classification; VAF: variant allele frequency.



intersection of these three methods identified 18 genes
that had differentially spliced exons or splice junctions
(Figure 3A). The change in proportion of spliced-in (PSI)
events is the change in relative abundance between the
groups (Figure 3B). It indicates the inclusion or exclusion
of a particular splice junction or exon. Unsupervised hier-
archical clustering on the normalized expression shows
the use of an alternative exon or splice junction for the 18
genes in each sample (Figure 3C). The genes MZB1,
DYNLL1, TMEM14C, OXA1L, SESN1, and UQCC1 have

been identified in MDS and CLL samples. These genes
show no difference in total gene expression (Online
Supplementary Figure S3).

Differential splicing caused by hotspot mutations 
in SF3B1
In an analysis of splice site usage, we identified 39

(10%) novel splice sites, 153 (38%) known splice sites and
211 (52%) differentially used exons (P<0.05). The types of
splicing events include: Skipped Exons (SE), Mutually
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Figure 2. SF3B1mutations in multiple myeloma patient samples. A lollipop diagram of the location of non-silent SF3B1 mutations in the dataset. The hotspot muta-
tions of K666 and K700 are marked in red, other non-silent mutations are marked in blue, and splice site mutations in purple. Key domains are labeled. 

Table 2. Significant clinical and genomic characteristics of multiple myeloma in relation to the low (20th), medium (20th-80th), and high (80th)
novel splicing patient sample groups. 
                                                                                                        Novel splicing level                           
                                                                     Low % (n)                        Medium % (n)                       High % (n)                          P, χ2 test 

No translocation                                                      63% (76)                                  60% (215)                                  51% (61)                                        NS
t(11;14)                                                                      12% (14)                                   18% (65)                                   32% (38)                                     <0.001
t(14;16)                                                                        3% (3)                                      5% (19)                                      3% (4)                                          NS
t(14;20)                                                                        2% (2)                                       1% (5)                                       3% (3)                                   Not tested
t(4;14)                                                                        19% (23)                                   14% (49)                                     5% (6)                                        0.002
t(6;14)                                                                          2% (2)                                       0% (1)                                       5% (6)                                   Not tested
t(8;14)                                                                          0% (0)                                       1% (4)                                       2% (2)                                   Not tested 
HRD                                                                            65% (68)                                  59% (194)                                  55% (60)                                        N S
IMWG low risk                                                           6% (6)                                     11% (38)                                   10% (11)                                        NS
IMWG standard risk                                               75% (80)                                  74% (247)                                  77% (85)                                        NS
IMWG high risk                                                        19% (20)                                   14% (48)                                   13% (14)                                        NS
ISS I                                                                            35% (40)                                  35% (122)                                  27% (32)                                        NS
ISS II                                                                           39% (45)                                  37% (129)                                  37% (44)                                        NS
ISS III                                                                         26% (30)                                   27% (95)                                   36% (42)                                        NS
0-4 driver mutations                                               45% (54)                                  30% (107)                                  37% (44)                                      0.041
5-9 driver mutations                                               49% (59)                                  56% (202)                                  48% (57)                                        NS
10+ driver mutations                                               6% (7)                                     14% (49)                                   16% (19)                                      0.016
MYC translocations                                                33% (38)                                   26% (87)                                   25% (28)                                        NS
TP53 inactivation (1 or both alleles)                  10% (10)                                   10% (32)                                   18% (20)                                      0.019
1q gain/amp                                                              28% (29)                                  36% (118)                                  23% (25)                                        NS
1p deletion                                                                  6% (6)                                     10% (32)                                   12% (13)                                        NS
n: number; NS: not significant. 



Exclusive Exons (MX), Alternative 5’ Splice-sites (A5),
Alternative 3’ Splice-sites (A3), Retained Introns (RI),
Alternative First Exons (AF) and Alternative Last Exons
(AL). Identified splice site variants were categorized as 418
(60%) AF exons, 76 (9%) SE, 55 (8%) A3, 45 (6%) A5, 26
(4%) RI and 12 (2%) MX (Figure 3D). The Leafcutter algo-
rithm, which takes account of novel splice junctions, iden-
tified 373 cryptic 5’ splice site events and 527 cryptic 3’
splice site events consistent with the expected effect of
mutation of SF3B1 where 3’ alternative splicing is the
main mechanism of action (Online Supplementary Table S5). 
To determine if these novel splice sites generated novel

coding sequences, we analyzed the de novo assembled full-
length transcripts. Visual inspection of the novel splice sites
allowed us to attribute 19 of the 39 novel splice sites to 20
novel transcripts. The coding potential for these assembled
transcripts was determined and 16 of the novel splice junc-
tions were categorized as protein coding and four were
determined to be non-coding (CREBZF, MPC1, PKHD1L1,
and TXNDC11) (Online Supplementary Table S6).

MZB1 differential splicing and transcript expression
Marginal zone B and B1 cell specific protein (MZB1), is

encoded by a gene that has eight potential transcripts.
MZB1-201 is protein-coding transcript, MZB1-202,
MZB1-204, MZB1-205, and MZB1-208 are removed via
nonsense-medicated decay and MZB1-203, MZB1-206,
and MZB1-207 have a retained intron. Differential splicing
analysis between the mutated SF3B1 samples and the con-

trol group identified six significant splicing events which
included two novel splice junctions, one known splice
junction, and differential usage of two exons (Figure 4A).
Three known transcripts, MZB1-203, MZB1-204 and
MZB1-205 showed significant differences in the levels of
expression between the two groups (Figure 4B and C).
MZB1-205, which has been associated with apoptosis,
was significantly higher in the SF3B1 mutant samples.
Conversely, the transcripts MZB1-203 and MZB1-204
were significantly down-regulated in the SF3B1 mutant
samples. Manual inspection of de novo-assembled tran-
scripts identified two novel transcripts identified due to
alternative splicing; designated MSTRG.24254.14 and
MSTRG.24253.16. They had protein coding potential
scores of 0.96 and 0.71 respectively and were both identi-
fied as coding. MSTRG.24253.14 and MSTRG.24253.16
share junctions with MZB1-204, which explains the
reduced expression of MZB1-204, which is due to
increased expression of these novel transcripts (Figure 4B
and C). 

Spliceosome complex and cell proliferation genes are
differentially expressed in mutated samples
Differential gene and transcript analysis identified genes

and transcripts not necessarily differentially spliced but
altered in response to alternative splicing. We identified
234 significantly differentially expressed genes (adjusted 
P≤0.05) and 365 transcripts that were differentially
expressed between SF3B1 mutants and the controls

M.A. Bauer et al.

740 haematologica | 2021; 106(3)

Figure 3. Hotspot mutations in SF3B1 results in a number of alternatively spliced genes. (A) Venn diagram of alternative splicing results from the three methods
used. (B) A volcano plot of delta-PSI in relationship to significant splicing events between control and SF3B1 mutated samples. Red dots indicate significant events
(P≤0.05). Differential splicing analysis was performed by SUPPA2. Genes that are labeled were found by all three differential splicing algorithms as statistically sig-
nificant after multiple testing correction. Delta-PSI indicates a change in the inclusion or exclusion of a splice junction or exon in the mutated SF3B1 group versus
the wild-type group. (C) Heatmap of the relative expression of significant alternative splicing features for the 18 genes found by all three differential splicing tools.
Features include exon, known and novel splice junctions. (D) Types of significant splicing events identified.

    A                                                                                                     B

    C                                                                                                     D



(adjusted P≤0.05) (Online Supplementary Tables S7-S10). Of
the differentially expressed transcripts, 79 corresponded
with a change at the gene level (22%). The differentially
expressed genes at both the gene and transcript level
included the protein coding genes EREG, IL1B, and MINA,
which were found to be upregulated in the SF3B1mutants
and have been associated with cell proliferation.27-29 Other
transcripts that were significantly differentially upregulat-
ed included a number of RNA splicing and spliceosome
genes including DHX9, CLASRP, SNRPE, BCAS2, and
EIF4A3.30-32 These genes have significant changes at the
transcript level only and indicate a change in isoform ratio
without an effect on the overall gene expression level
(Online Supplementary Tables S8 and S10). 

Gene set enrichment analysis of differentially spliced
genes
To identify the impact of mutated SF3B1 at a pathway

level we carried out GSEA on the total set of differential
gene expression results. The Hallmark pathways33 with
significant (false discovery rate [FDR] <0.05) normalized
enrichment scores (NES) between the two sample groups
were identified (Figure 5A). This analysis showed
decreased gene enrichment for protein secretion (P=0.01,
NES= -1.93) and unfolded protein response (UPR) (P=0.01,

NES=1.83) pathways. Conversely GSEA identified enrich-
ment for TNFA signaling via NF-κB (P=0.01, NES=1.98),
KRAS signaling (P=0.008, NES=1.69), and I2/STAT5 sig-
naling (P=0.01, NES=0.65) pathways in SF3B1 mutant
samples.

Significantly alternatively spliced genes are themselves
involved in alternative splicing
We identified protein-protein interactions (PPI) using

the list of significantly alternatively (JunctionSeq &
DEXSeq) spliced genes as input (n=618) and only selected
high confidence interactions (minimum interaction score
of 0.700). The resulting PPI network (Figure 5B) identified
a large cluster of differentially spliced genes associated
with mRNA processing and splicing pathways. Genes
identified in the mRNA processing pathway included
SRRM2, SUGP1, and PPIE. Other pathways in the differ-
entially spliced gene clusters included RNA decay and pro-
tein ubiquitination.

Identifying the full extent of splice variation as a
potential driver mechanism in multiple myeloma
To determine the extent of alternative splicing in MM,

irrespective of mutations in SF3B1, we split the dataset
(n=598) into three groups. The groups consisted of the top
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Figure 4. MZB1, an important prognostic gene in multiple myeloma, was significantly alternative spliced in SF3B1-mutated patient samples. (A) Screenshot from
JunctionSeq identifying two significant novel splice junction usage in addition to a known splice junction and three differentially used exons in the SF3B1 mutants.
(B) Sashimi plot showing differential exon and splice junction usage between a SF3B1 mutated and control sample. (Note that all SF3B1 mutated samples displayed
the same differential splicing pattern.) (C) Box plots of MZB1 transcript expression levels. Two transcripts showed a significant switch in level of expression between
the two groups.

    A                                                                                             B
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and bottom 20% (both n=120) and middle 60% (n=358) in
number of novel splice loci (Online Supplementary Figure
S4). We compared the makeup of the groups based on key
MM clinical and genomic characteristics. We first looked
at the number of novel splice loci in each group defined by
translocations and compared it to the group of samples
without translocations. We included a group of four
pooled normal donor samples derived from CD138 select-
ed plasma cells in the analysis for comparison (Online
Supplementary Figure S5). The t(4;14) group had significant-
ly fewer novel splice loci than the group with no translo-
cations and other translocation groups. The t(11;14) and
t(6;14) group had significantly more novel splice loci. We
identified significantly less novel splicing in the t(4;14)
group and an increase in the t(11;14) group (vs. the no
translocation group; P=0.002 and P=0.0001) (Table 2).
There was no difference in the frequency of MYC translo-
cations, International Myeloma Working Group (IMWG)
or International Scoring System (ISS) risk scores but there
was a significant difference in p53 inactivation (one or
both alleles) in the high splice group (P=0.019). Survival
analysis revealed a significant difference in progression-
free survival (PFS) and overall survival (OS) (P=0.03 and
0.013) with the high splice group having adverse outcome
(Figure 6A and B).

Effect of aberrant splicing on progression-free survival
and overall survival in t(11;14) and t(4;14) subgroups
A survival analysis was performed on a subset of the

data, splitting samples with t(11;14) and t(4;14) into the
high, medium, and low number of novel splice junctions.
Survival analysis for the t(11;14) group showed a non-sig-
nificant difference in PFS in the t(11;14) with a high num-
ber of novel splice junctions versus low, but no difference
in OS (Online Supplementary Figure S6). OS and PFS for the
t(4;14) group showed a significant adverse survival in the
high splice group within t(4;14) (P=0.009 and P<0.001,
respectively) (Figure 6C and D). To determine additional
features that may contribute to this ultra high-risk group,

we performed a univariate and multivariate Cox regres-
sion analysis. Features in the univariate analysis included
the number of driver mutations (0-4, 5-9 and 10+ muta-
tions), ISS (I, II and III), novel splice site group (high, medi-
um and low), bi-allelic inactivation of TP53, loss of het-
erozygosity (LOH) (>4.6%), and double-hit (being defined
as amp1q on a background of ISS III or bi-allelic inactiva-
tion of TP53).34  Bi-allelic inactivation of TP53, double-hit,
high novel splicing, having more than ten driver muta-
tions, and LOH were associated with poorer PFS (P≤0.05).
High novel splicing, LOH, double-hit and bi-allelic inacti-
vation of TP53 were associated with poorer OS (P≤0.05).
Next, we took the features found significant in the uni-
variate analysis as co-variates in the multivariate analysis
to see how they jointly impact PFS and OS. In the analysis
for PFS, only double-hit remained significant, but for OS,
only high splicing remained close to significant (P=0.051,
hazard ratio 6.62 [95%CI: 0.99-44.14]) (Online
Supplementary Figure S7).

Discussion

In this study, we have investigated the impact of muta-
tions in SF3B1 on the transcriptome, observing a signifi-
cant impact of hotspot mutations of SF3B1 in codons
K666/700 resulting in abnormal splicing patterns, as well
as the introduction of novel transcripts. We were able to
show that not all mutations in SF3B1 result in abnormal
splicing, and that the key hotspots are the drivers of this
aberrant phenomenon. We identified a number of alterna-
tively spliced genes in common with other cancers with
hotspot mutations in SF3B1, TMEM14C, RPL31,
DYNLL1, UQCC, and CRNDE, indicating a commonality
in biology between them. Comparison of all of our alter-
natively spliced genes with those in uveal melanoma18
identified a similar number of alternatively spliced genes
(935 vs. 1019), but only 165 (9%) genes overlapped. This
low percentage overlap may indicate that hotspot muta-
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Figure 5. Analysis of differentially expressed and alternatively spliced genes in SF3B1mutated samples identified enrichment in important pathways. (A) The nor-
malized enrichment score (NES) results of the Gene Set Enrichment Analysis (GSEA). (B) A network diagram produced by STRING, which uses known and predicted
protein-protein interactions. Using the genes that are the most significantly alternatively spliced by JunctionSeq or DEXSeq and setting the minimum required inter-
action score of 0.9, the resulting network diagram is shown with highly confident interactions. Sub clusters with fewer than three nodes were removed.
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tions in SF3B1 affect a large set of genes that are specific
to MM.
We found that many of the genes undergoing alterna-

tive splicing in MM are genes related to mRNA processing
and splicing such as PPIE, SUGP1 and the small nuclear
ribonucleoproteins, SNRPN and SNRPC. We also detect a
large number of genes related to protein ubiquitination
and RNA decay. Implying that disruption to mRNA splic-
ing, due to the hotspot mutations in SF3B1, activates these
genes and pathways. Similar enrichment to protein ubiq-
uitination and RNA decay pathways have been observed
in myelodysplasia with mutations in splicing factors.35,36
We hypothesize that in an effort to remove aberrant pro-
teins and transcripts they themselves are aberrantly
spliced perpetuating the cellular dysregulation.
We detected significant disruption to the splicing and

expression of MZB1, resulting in differential expression at
the transcript level as well as differential splicing and the
introduction of novel transcripts due to novel splice sites.
MZB1 in B cells is an endoplasmic reticulum-localized
protein and plays a role in protein folding and antibody
secretion.37,38 MZB1 has been shown to have a prognostic
value in many mature B-cell diseases such as CLL, follicu-
lar lymphoma, and diffuse large B-cell lymphoma, where
higher expression is associated with poorer survival.39
Additional experiments will be needed to see if changes to

MZB1 isoform ratios, as well as to the altered splicing of
its transcripts, have similar prognostic value in MM.
The results of both GSEA identified common deregulat-

ed pathways in both the mutated SF3B1 and high splice
groups, namely UPR and protein secretion pathways. The
UPR is a key pathway in many cancers that is important
in many secretory tissues such as plasma cells due to its
protective role in avoiding endoplasmic reticulum (ER)
stress induced apoptosis.40,41 The SF3B1 mutant group had
increased splicing aberrations, but we identified signatures
of decreased UPR activity. We would expect that there
would be an enrichment in these pathways because these
splicing aberrations have the potential to increase non-
viable transcripts.
Based on the importance of splicing associated with

SF3B1mutations, we characterized abnormal splicing and
potential association with clinically relevant features of
MM. We observed a significant difference in novel splicing
sites in the pooled normal samples compared to all other
groups, suggesting that there is a general increase in aber-
rant splicing in MM. In addition, there were clear differ-
ences in aberrant or alternative splicing in the different
translocation groups. In our ongoing quest to refine the
classification of MM subgroups, the identification of an
association of t(4;14) samples with less aberrant splicing
and the t(11;14) subgroup being associated with more
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Figure 6. Patients with high levels of novel splice loci are associated with poor outcome. (A and B) Kaplan-Meier curves in high novel splicing (top 20%) (n=117)
versus low/medium novel splicing (bottom 60%) (n=464) patient samples: (A) progression-free survival; (B) overall survival. (C and D) Outcome of patients with a
t(4;14) with low/medium (n=70), and high (n=5) novel splice groups: (C) progression-free survival; (D) overall survival.

    A                                                                                            B

    C                                                                                           D



aberrant splicing was of particular interest.34,42 Patients that
have the less aggressive t(11;14) and have high novel splic-
ing had no change in their OS. In the t(4;14) with high
novel splicing (top 20%), the OS is significantly poorer,
suggesting that there is an ultra-high risk group of t(4;14)
with increased alternative splicing which showed some
association with high-risk features such as LOH and dou-
ble-hit. However, in the case of OS, it was the increased
splicing which was the most significant. Although
increased splicing is not exclusively associated with
aggressive disease, these results provide evidence that
changes to a cell's splicing as either a mechanism or result
of other adverse features may suggest a more aggressive
phenotype that may need to be treated differently.11
We showed that alternative splicing might be a signifi-

cant mechanism that has pathogenic relevance to MM.
Hotspot mutations in the driver gene, SF3B1, result in a sig-
nificant impact on the MM transcriptome. Although SF3B1
mutations represent a small percentage of driver mutations,
it does present a promising target for splice modulating
drugs. In addition to the hotspot SF3B1mutations, we also
show a general increase in novel splicing in MM, and at its
extreme, this is strongly associated with decreased PFS and
OS. There are a number of spliceosome modulators under
investigation including spliceostatins 
A-G, E7107 and H3B-8800, that target SF3B1.43,44 Recent
work has shown that these compounds are more effective
in cells that have higher expression of SF3B1 and are, there-
fore, more dependent on SF3B1.45 Our observation of
increased SF3B1 expression in the high splice group, which
constitutes up to 20% of patients, may increase the number

of patients that may benefit from spliceosome modulators,
rather than just the patients who have mutated SF3B1.
The results of the study make it clear that only looking

at gene, or even transcript expression, can obscure impor-
tant changes in the transcriptome. Alternative splicing
may be an important pathogenic disease mechanism in
MM that affects a wide range of important pathways.
Additional studies of the MM transcriptome may provide
important insights into the disease pathogenesis. 
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