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Abstract 
 
Identification of novel vulnerabilities in the context of therapeutic resistance is emerging as a key challenge for cancer 
treatment. Recent studies have detected pervasive aberrant splicing in cancer cells, supporting its targeting for novel 
therapeutic strategies. Here, we evaluated the expression of several spliceosome machinery components in multiple 
myeloma (MM) cells and the impact of splicing modulation on tumor cell growth and viability. A comprehensive gene 
expression analysis confirmed the reported deregulation of spliceosome machinery components in MM cells, compared 
to normal plasma cells from healthy donors, with its pharmacological and genetic modulation resulting in impaired 
growth and survival of MM cell lines and patient-derived malignant plasma cells. Consistent with this, transcriptomic 
analysis revealed deregulation of BCL2 family members, including decrease of anti-apoptotic long form of myeloid cell 
leukemia-1 (MCL1) expression, as crucial for “priming” MM cells for Venetoclax activity in vitro and in vivo, irrespective of 
t(11;14) status. Overall, our data provide a rationale for supporting the clinical use of splicing modulators as a strategy to 
reprogram apoptotic dependencies and make all MM patients more vulnerable to BCL2 inhibitors. 
 

Introduction 
Multiple myeloma (MM) is a clonal B-cell malignancy char-
acterized by excessive bone marrow plasma cells in as-
sociation with monoclonal protein.1,2 MM is a 
heterogeneous disease driven by a large repertoire of mol-
ecular abnormalities, which contribute to its diverse clini-
cal behavior. Currently available anti-MM therapies have 
remarkably improved patient outcome, but resistance is 
emerging as one of the foremost challenges in the clinical 

management of this tumor. Therefore, there is an unmet 
medical need to define biologic mechanisms of drug re-
sistance, both to enhance efficacy of existing treatments 
and to facilitate the design of novel strategies.3 A funda-
mental feature of MM is its striking genomic instability 
leading to cancer development and clonal evolution.4,5 
Consequently, the majority of studies have focused on 
changes in DNA: unfortunately, the greatest shortcoming 
of DNA-based approaches is their failure to capture the 
panoply of RNA editing events. Indeed, the genetic code 
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is translated in the cell through the production of a mess-
enger, mRNA, which usually has the same code of the 
DNA. A percentage of mRNA are “edited”, so that although 
they are made as a faithful copy of the DNA, they are 
modified afterward to change the products of the genetic 
code. As a result, pre-mRNA processing by alternative 
splicing (AS) and/or RNA-specific deaminases, markedly 
increases the complexity of the human transcriptome.6 
This process, which is executed in the nucleus by spliceo-
somes, occurs overwhelmingly in both normal and trans-
formed cells, thus it is the rule rather than the exception. 
If this process is compromised, the resulting changes in 
splicing can lead to neoplastic transformation. Indeed, re-
cent studies provide evidence that an abnormally ex-
pressed splicing factor machinery as well as its mutations 
can have oncogenic properties by impacting AS of genes 
associated with susceptibility and/or progression of 
cancer.7 Despite these intriguing findings, the global pat-
tern of RNA processing in human cancer genomes has not 
been systematically characterized, and its functional im-
portance and clinical relevance in cancer remains largely 
unknown. Thus, RNA splicing deregulation represents an 
innovative and exciting area of research, in that it might 
be possible to modify or regulate RNA as novel anti-
cancer strategy.  
AS is controlled by spliceosome, which is a dynamic mol-
ecular machine consisting of small nuclear RNA (snRNA) 
and various protein complexes that cycle on and off from 
pre-mRNA during intronic splicing. This nuclear complex 
is composed of at least 170 proteins and five snRNA as-
sociated with proteins forming the U1, U2, U4, U5, and U6 
small nuclear ribonucleoproteins (snRNP). It removes an 
intron from the primary transcript and subsequently joins 
the exons by a trans-esterification reaction; the intron 
then undergoes debranching and is subsequently de-
graded.8 The accuracy of this process is essential for nor-
mal cellular function, whereas alternative splicing 
deregulation often occurs in tumors. As a result, modula-
tion of this tumor hallmark is now emerging as a promis-
ing strategy for anti-cancer therapies.9,10 Changes in 
alternative splicing are frequently caused by point muta-
tions in the splicing factors such as SF3B1, which occurs 
in a wide range of tumors, including chronic lymphocytic 
leukemia (CLL), myelodysplastic syndromes (MDS), mel-
anoma and breast cancers, resulting in aberrant splicing.11–
13 Also, MM cells harbor somatic alterations in this driver 
gene with missense mutations (K700 and K666) observed 
in about 1.7% of patients.14 Importantly, despite low mu-
tational burden, recent studies suggest RNA splicing de-
regulation as a driver mechanism for disease progression 
and drug-resistance occurrence as well.15,16 Here, we ex-
plored the impact of small molecule modulators of the 
spliceosome in perturbing tumor cells survival pathways and 
provide evidence for a novel combination strategy to treat MM. 

Methods 
For a more detailed description of the methods used, see 
the Online Supplementary Appendix. 

Reagents 
Meayamycin B and Sudemycin D6 (SD6) were kind gifts 
from Prof. Kazunori Koide (University of Pittsburgh) and 
Prof. Thomas Webb (SRI Biosciences, Dept. of Chemistry 
and Biochemistry UCSC), respectively. E7107 was kindly 
provided by H3 Biomedicine, Inc. 

Cell lines and primary tumor specimens  
Cell lines were obtained from the ATCC or sources indi-
cated in the Online Supplementary Appendix. 

Intracellular BH3 profiling  
Intracellular BH3 (iBH3) profiling was performed as de-
scribed in 17. Briefly, MM cells were pelleted and sus-
pended in MEB buffer with addition of each BH3 peptide 
treatment with 0.002% w/v digitonin (MS1, mBAD and 
HRKy peptides were used). Mitochondria in the permea-
bilized cells were exposed to peptides for 45 minutes 
(min) at 26°C before fixation with 4% formaldehyde at 
room temperature  for 10 min. After addition of N2 neu-
tralizing buffer for 15 min, cells were stained with Alexa 
Fluor® 488 Mouse anti-Cytochrome c (Clone 6H2.B4, BD 
Biosciences) 1:40 in 2% Tween20, 10% bovine serum albu-
min phosphate-bufferd saline for 2 hours at room tem-
perature and then over night at 4°C. The quantification of 
Cytochrome c loss induced by each peptide was evalu-
ated by flow cytometry (Navios 10/3, Beckman Coulter). 
Values indicate the percentage of Cytochrome c-negative 
cells calculated as in 17.  

Transcriptome profiling, alternative splicing and 
pathway analysis 
RNA samples from H929 cells treated or not with 
Meayamycin B (3 nM, 8 hours) were isolated in duplicate 
for each condition with the miRNeasy mini kit (Qiagen, 
#1038703) and processed using WT PLUS Reagent Kit, ac-
cording to the manifacturer’s protocol (Thermo Fisher). 
Wide mRNA-transcriptome profiling was assessed using 
ClariomD Human array (Thermo Fisher). Robust Multi Array 
(RMA) normalization on raw data, transcript annotation (Cla-
riom_D_Human.r1.na36.hg38.a1.transcript) and AS analysis 
were performed using Transcriptome Analysis Console 
(TAC 4.0) software (Thermo Fisher). AS events were ident-
ified in Meayamycin B-treated versus untreated H929 cells 
after filtering for transcripts expressed in both conditions, 
exon expressed in at least one condition, Exon Splicing 
Index of at least 2 (<-2 or >2), exon P-value <0.05. Pathway 
enrichment analysis of significant alternative spliced 
genes was performed with the fgsea package in R to-

 Haematologica | 107 - June 2022   
1411

ARTICLE - Splicing inhibitors sensitize MM to Venetoclax D. Soncini et al.



gether with BIOCARTA and REACTOME datasets. Signifi-
cant pathways were selected based on false discovery 
rate (FDR) q-value <25%. Global transcript expression 
levels were submitted on gene expression omnibus (GEO) 
data repository, under GEO accession number GSE167042.  

In vivo mouse models  
All in vivo experiments were performed in accordance 
with the laws and institutional guidelines for animal care, 
approved by the Institutional Animal Care and Use Com-
mittee of University Hospital San Martino (protocol #473). 
Five-week-old female NOD/SCID J mice were acquired 
from Charles Rivers Laboratories (France) and were accli-
matized for 3 weeks. 4,5x106 MM1S cells were injected 
subcutaneously in both flanks of each mouse. Treatment 
was initiated when the tumors reached a volume of about 
50 mm3. In each experiment, mice were randomly divided 
to one of the following groups: control (vehicle); Veneto-
clax 100 mg/kg/day, dissolved in vehicle (60% phosal 50 
PG, 30% polyethylene glycol 400, 10% ethanol) and admin-
istered by oral gavage; SD6 12 mg/kg/day, formulated in 
vehicle (10% hydroxypropyl-beta-cyclodextrin [HPCD] in 
phosphate buffer pH 7.4) and intra-tumorally injected; 
E7107 2,5 mg/kg/day prepared in vehicle (10% ethanol, 5% 
Tween-80, Quorum sensing with saline) and intravenously 
injected (i.v.). Schedules are described in the individual 
figure legends. Tumor volume was calculated using the 
formula: tumor volume= (w2 × W) x π/6, where “w” and 
“W” are “minor side” and “major side” (in mm), respect-
ively. Mice were sacrificed when the tumor reached a vol-
ume of about 1,5 cm3. Tumor masses were always isolated 
at the end of the experiment, weighted and fixed in 10% 
neutral buffered formalin (v/v) for histology.  

Results 
Splicing machinery is markedly deregulated in multiple 
myeloma and represents a disease aggressiveness 
biomarker 
Genome-wide studies have recently demonstrated that 
deregulated expression of genes involved in splicing acts 
as driver event for numerous tumors including MM.7,18 
These data have prompted a growing interest for drugging 
the spliceosome machinery as a novel strategy to improve 
anti-cancer therapies.14–16 We explored transcription levels 
of core snRNP assembly genes in primary MM cells from 
publicly-available collections of gene expression datasets 
by applying the KEGG spliceosome signature.14,19–21 A pro-
gressive transcriptional increase was observed in more 
advanced disease phases from monoclonal gammopathy 
of undetermined significance (MGUS) to plasma cell 
leukemia (PCL) and in human multiple myeloma cell line 
(HMCL) compared to normal plasma cells, indicating an 

association with tumor progression route (Online Supple-
mentary Figures S1 and S2). We confirmed higher ex-
pression in MM cells by gene expression analysis in 
primary cells from seven additional MM patients and pe-
ripheral blood mononuclear cells (PBMC) from two healthy 
donors (Figure 1A). We next extended the analysis to the 
MMRF (MM Research Foundation) CoMMpass study that 
includes 774 MM patients5,22 profiled by RNA sequencing 
by standardizing KEGG spliceosome signature with a z-
score method,5 which stratified MM cases into three 
groups: low (n=303), intermediate (n=126) and high 
(n=345) (Figure 1B). Then we sought to explore any poten-
tial impact of aberrant spliceosome signature on clinical 
outcome and found that, in line with reported data, 16 pa-
tients in the high z-score group showed shorter progres-
sion-free survival (PFS) and overall survival (OS) when 
compared with low-z score patients (median PFS 1,300 
days vs. 700 days, P=0.0017; median survival not-reached 
vs. 2,000 days, P=0.00027) (Figure 1C). Importantly, a uni-
variate Cox-model analysis confirmed a spliceosome sig-
nature role in predicting OS (P=0.0012) and PFS (P=0.0021), 
similarly to ISS stage III (P=0.0001), 1q gain/amp 
(P<0.0001), del13q/RB1 (P=0.0002), and TP53 mutation oc-
currence (P<0.0001) (Figure 1D; Online Supplementary Fig-
ure S3). Overall, our transcriptome analyses revealed a 
group of MM patients with higher upregulation in the RNA 
splicing machinery genes which correlated with poor 
prognosis. The spliceosome is a dynamic molecular ma-
chine consisting of several nuclear protein complexes, 
with the splicing factor SF3B1 responsible for on/off cycle 
of pre-mRNA during intronic splicing, essential for the 
correct functioning of this machinery. As result, western 
blot, immunohistochemistry and immunofluorescence 
analyses revealed high levels of SF3B1 on MM cell lines 
and CD138+ from patient-derived bone marrow biopsies 
(Figure 1E and F; Online Supplementary Figure S4) which 
was further increased upon interaction with bone marrow 
stromal cells (BMSC) (Online Supplementary Figure S5). 
Notably, the greater SF3B1 protein level observed in tumor 
cells could be explained, at least in part, by the higher 
proliferation rate (in term of S and G2/M phases residing 
cells) of MM compared with healthy donor counterpart 
cells. (Online Supplementary Figure S6). Altogether these 
data suggest a role for spliceosome deregulation in MM 
growth.  

Targeting the spliceosome core-element SF3B1 results 
in broad anti-multiple myeloma activity  
Comprehensive RNA sequencing-based analyses have re-
vealed profound and significant transcriptome changes, in-
cluding alternative pre-mRNA splicing between MM and 
normal samples, with significant impact on overall clinical 
outcome.14 Despite that, SF3B1 somatic mutations, resulting 
in loss of function, occur in only 1.7% of MM patients, thus 

 Haematologica | 107 - June 2022   
1412

ARTICLE - Splicing inhibitors sensitize MM to Venetoclax D. Soncini et al.



suggesting additional events accounting for the alterations 
observed in MM cells.15 Therefore, we evaluated the spec-
trum of alternatively spliced events (ASE) in MMRF database, 
irrespective of SF3B1 mutation status. We classified the ASE 
into five categories and analyzed the frequency of pattern 
changes according to SF3B1 expression level (top vs. bottom 
quartile) (Figure 2A). Wide variability was observed, with al-
ternative transcription start site (ATSS), intron retentions (IR) 
and alternative transcription termination site (ATTS) as the 
most abundant ASE among the SF3B1 highly expressed 
group, indicating widespread spliceosome deregulation in 
MM, regardless of specific mutational profiling. Based on 
these data, we next investigated SF3B1 role in these cells 

by genetic perturbation in a panel of MM cell lines. According 
to the reported activity of this factor in binding and splicing 
pre-mRNA,9 immunofluorescence analysis for the SR (ser-
ine/arginine-rich) protein SC-35 revealed a significant 
modulation of splicing machinery after SF3B1 knockdown 
(KD), with KD cells exhibiting reduced number of speckles 
which resulted larger and darker than control (Figure 2B). 
Importantly, SF3B1 KD not only affected splicing but also 
impaired MM cell viability by increasing apoptotic cell death 
in different MM cell lines and inducing caspase-3 and PARP1 
cleavage as well (Figure 2C; Online Supplementary Figure 
S7). We subsequently tested the activity of the splicing 
modulator Meayamycin B in a panel of 14 MM cell lines, 

Continued on following page.
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where we observed a significant decrease of cell viability 
with half maximal inhibitory concentration (IC50) values rang-
ing from to 0.49 to 3.5 nM (Figure 2D and E). Similar results 
were observed with additional splicing modulators such as 
Sudemycin D6 and E7107 (Online Supplementary Table S1).23–

25 The effect of Meayamycin B was next tested in primary 
MM cells, cultured in the absence or presence of the bone 
marrow microenvironment. As seen in Figure 2F and G and 
the Online Supplementary Figure S8, primary MM cells were 
significantly depleted after treatment with Meayamycin B, 
while a minimal toxicity was observed on normal com-
ponents of the bone marrow milieu. These data support 
SF3B1 as a promising therapeutic target in MM.  

Spliceosome deregulation affects genome stability of 
multiple myeloma cells, irrespective of Myc status  
Genomic instability is a tumor hallmark resulting from de-
regulated DNA damage response, DNA repair defects, and 
failure of cell-cycle checkpoints. Recent studies have re-
vealed that alternative splicing reprogramming after DNA 
damage responses relies on regulation of RNA-binding 
proteins (RBP), which directly bind specific pre-mRNA and 
mRNA sequences and act as gatekeepers of genomic in-
tegrity. In this context, post-transcriptional RNA process-
ing may add another layer of complexity to the 
maintenance of genomic stability in MM cells and target-
ing spliceosome during DNA damage response may rep-

Figure 1. Splicing machinery is markedly deregulated in multiple myeloma. A) Heat map showing expression levels (row z-score) 
of indicated genes among plasma cells derived from patients with multiple myeloma (MM) (n=7) and peripheral blood mono-
nuclear cells (PBMC) from healthy individuals (n=2). The color scale spans the relative gene expression changes standardized on 
the variance. B) Heatmap of 774 MM patients included in CoMMpass study ordered in 3 groups according to z-score calculated 
on 124 genes of KEGG spliceosome gene set, as annotated in MSigDB. C) Kaplan–Meier survival curves of high z-score (red) and 
low z-score (blue) MM patients of CoMMpass cohort (642 patients analyzed) on progression-free survival (PFS) and overall survival 
(OS) data. Log-rank test P-value and number of samples at risk in each group across time are reported. D) Forest plot based on 
Cox univariate analysis for OS. Squares represent hazard ratios; bars represent 95% confidence intervals. E) Protein lysates from 
a panel of MM cell lines (human multiple myeloma cell line [HMCL]) and primary MM patients or healthy donors (HD) were ana-
lyzed for SF3B1 expression by western blotting. GAPDH was used as loading control. One representative experiment is shown. F) 
Representative images of SF3B1 and CD138 immunocytochemistry stain in bone marrow (BM) from MM patients (n=5). Conven-
tional Giemsa staining is also shown. Original magnification × 200, scale bar, 100 mm.
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resent an innovative approach to sensitize tumor cells to 
genotoxic agents.26 As shown in Figure 3A and B, we ob-
served that in SF3B1 KD MM cells increased DNA double-
strand breaks and resulted in defective repair 
mechanisms as shown by accumulation of gH2AX and re-
duced RAD51 levels, respectively. These changes were 
similarly observed after drug-treatment with Meayamycin 
B in a dose- and time-dependent manner (Figure 3C and 
D) and persist also after pre-incubation with pan-caspase 
inhibitor zVAD-fmk, thus suggesting a negligible role of 
apoptosis activation in the genomic instability triggered 
by spliceosome modulators (data not shown). Based on 
these data, we tested sensitivity of KD-SF3B1 MM cells to 
melphalan-induced DNA damage and, in line with pre-
vious studies,26 we found that drug exposure led to in-
creased gH2AX induction, also in SF3B1-depleted cells, 
(data not shown) suggesting that huge spliceosome de-

regulation, triggered by SF3B1 targeting, accounts for the 
enhanced anti-MM activity of genotoxic stress. Recent ge-
nome-wide MYC-synthetic lethal screens have identified 
spliceosome components as candidate genes for syn-
thetic lethality strategies, suggesting these as exploitable 
vulnerabilities for MYC-driven cancers.27 In order to deter-
mine whether MYC presence correlates with Meayamycin 
B efficacy, we compared its protein level with the specific 
IC50 value measured for each tested cell line. As shown in 
Figure 3E no significant correlation (R2=0.1261, P=0.348) 
was observed thus suggesting that Meayamycin B acts re-
gardless of MYC protein level. Similarly, the ectopic ex-
pression of MYC in U266 MM cell lines increased g-H2AX 
levels (Figure 3F) but slightly enhanced the anti-MM ac-
tivity of chemical or genetic SF3B1 targeting (Figure 3G 
and H), thus confirming the marginal role played by this on-
cogenic program on anti-MM activity of splicing modulators. 

Figure 2. Continued on following page.
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Splicing inhibition remodels mitochondrial apoptotic 
dependencies in multiple myeloma cells 
In order to shed light on the molecular mechanisms medi-
ating the effects of splicing modulators on MM cell 
growth, we evaluated the transcriptomic profiles in MM 
cells treated with Meayamycin B. As shown in Figure 4A, 
we observed increased AS events compared to untreated 
cells, with intron retention (IR) and cassette exon (CE) as 
primary events across multiple targets (41.97% and 

28.26%, respectively). Splicing outliers including alter-
native 5’ and 3’ donor site as well as complex events were 
observed less frequently. A comprehensive enrichment 
analysis of BioCarta annotated pathways was employed 
to identify cellular pathways affected by this treatment. 
Significant enrichment was observed among biological 
processes involved in regulation of cell-cycle, disease pro-
gression, cell division and DNA replication, with apopto-
sis-related pathways identified as top-ranked events 

Figure 2. Spliceosome core-element SF3B1 targeting results in anti-multiple myeloma activity. A) Percentage of indicated 
splicing categories across RNA sequencing data derived from CoMMpass study according to SF3B1 expression levels (top vs. 
bottom quartile). B) Immunofluorescence staining for SC-35 in scramble and short hairpin (sh) SF3B1-sh RNA H929 multiple 
myeloma (MM) cells. SF3B1 silencing was validated by western blot as shown in the panel below. SC-35 staining of nuclear 
speckles is shown: mean fluorescence intensity (MFI) per cell/nucleus of the specific signal was quantified by counting at least 
50 nuclei per condition as reported in the histogram below (**P=0.0042, two-sided Student t-test). Scale bar, 10 µm. C) MTS 
assay of MM1S (top) and H929 (bottom) lentivirally transduced with shSF3B1 (#1,#3 and #4) or sh scramble. Cell viability was 
measured at indicated time point after transduction. Western blot analyses were performed at day 3, confirming decreased 
SF3B1 protein levels and apoptotic cell death features (PARP1 and caspase 3 cleavage). Data are representative of at least 3 
independent experiments. D) Cell viability curves compare a panel of 14 MM cell lines’ sensitivity to Meaymicin B (nM) for 48 h 
(n=3 technical replicates; mean +/− standard deviation [SD]) E) Evaluation of PARP, caspase 3, MCL1 and GAPDH by western blot 
on indicated MM cell lines treated with increasing doses of MeaymicinB for 24 hours. F) Treatment of primary bone marrow 
aspirate samples from MM patients (n=5) at various doses of MeaymicinB (0.1-30 nM) for 48 hours shows significant cytotoxicity 
of CD138+ tumor cells (n=3 technical replicates; mean +/− SD). G) Ex vivo evaluation of Meaymicin B in total bone marrow cells 
from one representative MM patient. After red cell lysis, cells were stained with Annexin V, DAPI and CD38 monoclonal antibody 
to identify viable as well as apoptotic myeloma (CD38 positive/CD45 negative) and normal (CD38 negative/CD45 negative) cells.
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(Figure 4B). A gene level investigation, based on exon 
splicing index, revealed eleven genes of apoptosis path-
way significantly mis-spliced: CHK1, BAX and BIRC3 were 
found to be interested by intron retention events, 
CASP10, CASP8 and CASP3 as affected by alternative cas-
sette exons inclusion, PARP1 and MCL1 among targets 
with complex events and alternative 5’ donor site, re-
spectively (Figure 4C). Moreover, we confirmed a signifi-
cant change in MCL1 transcripts with depletion of the 
anti-apoptotic long isoform (MCL-1L), and accumulation 
of pro-apoptotic short isoform (MCL-1s) following expo-
sure to both Meaymicin B or Sudemycin D6 (Online Sup-
plementary Figure S9). Other BCL2 family genes, including 

BCL2 and BCLxL, were not affected (Figure 4D). A similar 
MCL-1 exon 2-skipped transcript occurred in SF3B1 si-
lenced cells, with no modifications on BCL2 and BCLxL 
as well (Figure 4E); these changes were also confirmed 
at protein level (Figure 4F). Based on these data, we per-
formed the intracellular BH3 (iBH3) profiling to investigate 
the mitochondrial apoptotic dependencies triggered by 
Meayamycin B or Sudemycin D6.28 As shown in Figure 4G 
both inhibitors resulted in significant increase of Cyto-
chrome c release following exposure to mBAD and HRK-
y BH3 peptides, indicating a functional shift in 
mitochondrial dependencies from MCL1 towards 
BLC2/BCLxL anti apoptotic members.  

Figure 3. Continued on following page.
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Splicing modulations increases sensitivity of multiple 
myeloma cells to the BCL2 inhibitor Venetoclax  
Cancer cells are dependent on multiple anti-apoptotic 
proteins to promote their survival, therefore targeting 
more than one protein results in synergistic effects in sev-
eral preclinical models of solid and hematological tu-
mors.29–32 In such a scenario, the dysregulated expression 
of BCL2 family members observed after splicing modula-
tor treatment, prompted us to harness apoptosis as a 
strategy for enhancing anti-MM activity of these agents. 
We therefore evaluated the ability of splicing modulators 
to enhance effects of the BCL2 specific inhibitor Veneto-
clax against MM cell growth and survival. Low dose of this 

BH3-mimetic and Meayamycin B or Sudemycin D6 combo 
was synergistic in several MM cells, including those carry-
ing t(11;14), which has been reported to affect anti-MM ac-
tivity of Venetoclax. (Figure 5A and B; Online 
Supplementary Figure S10-11).33 As result, PARP1 and cas-
pase 3 cleavage occurred after these stimuli at much ex-
tent compared with single agent exposure (Figure 5C). 
These results were also confirmed in SF3B1 KD MM cells 
(Figure 5D). We next examined the effects of the combina-
tion therapy on primary plasma cells (PC) collected from 
MM patients: as shown in Figure 5E we confirmed the in-
creased sensitivity to Venetoclax of MM PC exposed to 
SD6 compared with single agent treatment, regardless of 

Figure 3. Spliceosome deregulation affects genome stability of multiple myeloma cells irrespective of Myc status. A) Detection 
of gH2AX and Q-nuclear was measured by confocal microscopy in H929 cells expressing  short hairpin RNA (shRNA) (clone #3 
and #4) targeting SF3B1 or control. Each panel includes representative foci-containing cells graph, over 3 experiments. (**P=0.004, 
***P<0.001; two-sided Student t-test). B) H929 cells were engineered to express an anti-SF3B1 shRNA (3 clones). Next, SF3B1, 
RAD51 and gH2AX protein levels were detected by immunoblotting. C) Detection of gH2AX and Q-nuclear by confocal microscopy 
of H929 cells ex-cultured with or without increased dosed of Meayamycin B (1-3 mM) for 24 hours. Each panel includes repre-
sentative foci-containing cells graph, over 3 experiments (*P=0.01, ****P<0.0001; two-sided Student t-test). (A and C) scale bar, 
50 mm. D) Western blot analysis of DNA damage response markers (RAD51 and gH2AX) after Meaymicin B treatment over a range 
of doses (upper panel) and timing (3nM) (lower panel) in H929 cells. E) Relative expression of Myc protein plotted vs. Meaymicin 
B cytotoxicity half maximal inhibitory concentration (IC50) values. The Pearson correlation coefficient (r) and the P-value, calculated 
using GraphPad Prism Version 5 analysis software, are indicated; F) immunoblot for cMyc, SF3B1 and gH2AX protein levels in 
isogenic U266 cells (pLV empty) or cMyc overexpressing (pLV cMyc) cells; G) these cells were treated with growing doses of 
Meayamycin B for 48 hours. Cell viability was measured with MTS assay and presented as a percentage of control. H) Cell viability 
analysis of pLV empty (pLV cMyc) U266 cells transduced with short hairpin RNA (shRNA) clones containing the target sequence 
of SF3B1 (clone#1) or scrambled control. (**P=0.004; two-sided Student t-test).
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specific stage-disease, cytogenetic abnormalities, or pre-
vious drug exposure. Importantly, no significant effects 
were observed on PBMC derived from the same MM pa-
tients, suggesting tumor specificity of drugs combination. 
The impact of this strategy was finally tested on primary 
MM cells in the presence of their bone marrow micro-
environment with slight toxicity observed on normal bone 
marrow components (Figure 5F; Online Supplementary 
Figure S12). In order to strengthen clinical relevance of our 
findings, we next screened different agents currently used 
for MM treatment in combination with splicing modula-
tors, by performing head-to-head comparison analysis. As 
shown in the Online Supplementary Figure S13, Venetoclax 
was readily identified as the best sensitizer of MM cells 
to Meaymicin B activity with a Combination Index resulting 
to be the lowest among tested drugs. Collectively, these 
data support splicing modulation as a strategy to increase 
Venetoclax sensitivity of MM cells. Based on these results, 
we next focused on drug resistance mechanisms by in-
vestigating whether splicing pathways affect Venetoclax 
resistance of MM cells. To this aim, we assessed a panel 
of 10 MM cell lines and measured absolute IC50 to capture 
the efficacy and potency of the drug (Figure 5G). We then 

listed all cell lines according to Venetoclax sensitivity and 
used CCLE RNA sequencing data to compare gene ex-
pression profiling of resistant versus sensitive cell lines; 
significant de-regulated genes were submitted to the 
GSEA software to find most affected pathways. Impor-
tantly, this analysis revealed that gene sets associated 
with RNA biology, RNA processing, and splicing pathways, 
were strongly enriched in sensitive cell lines, based on 
negative normalized enriched score (NES) and low q-
value, thus supporting their link with venetoclax-sensitiv-
ity (Figure 5H).  

Splicing inhibitors synergize with Venetoclax in vivo in 
multiple myeloma xenograft murine models  
We finally evaluated the efficacy of the combination 
regimen in vivo in MM xenograft murine models. In the first 
model, mice were treated with Venetoclax (100 mg/kg, 
oral administration, once a day for 15 days) and SD6 (12 
mg/kg, intratumorally, once a day for 10 days) alone or in 
combination. SD6 dosing was chosen based on previously 
reported efficacy and safety profiles in xenograft lym-
phoma models, while Venetoclax was used at 100 mg/kg 
to reduce its potency as single agent. Treatment was well 

Figure 4. Continued on following page.
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Figure 4. BCL2 family member deregulation outlines splicing modulators activity on multiple myeloma cells. A) Pie chart 
showing the proportion of significant splice changes derived from ClariomD data of multiple myeloma (MM) cell lines treated 
with Meayamycin B compared with dimethyl sulfoxide (DMSO)-treated controls. Yellow slice indicates significant intron cassette 
exon events; purple slice indicates significant intron retention events; gray indicate all other complex categories of splice events. 
B) The top 10 pathways included in BioCarta gene sets enriched by fgsea R package among the 1,000 most significant mis-spliced 
genes in Meayamycin B-treated cells. C) Bubble plot shows the enrichment scores, P-values and the types of aberrant splicing 
event in the top mis-spliced genes of apoptosis pathway after Meayamycin B treatment compared with control cells. D and E) 
Reverse transcription polymerase chain reaction (RT-PCR) analyses of H929 cells after 6-hour treatment with growing doses of 
Meayamycin B (3-6 nM) and Sudemycin D6 (1-3µM) (D) or different time points after lentiviral transduction with scramble control 
or SF3B1 specific shRNAs clone#1 (E), to assess levels of MCL1 (L, long and S, short isoforms), BCLxL and BCL2. GAPDH is used 
as internal control. The length of the main amplified isoforms is indicated as base pairs (bp). F) Western blot analysis of MCL1, 
BCL2, BCLxL, PARP and cleaved caspase3 protein expression upon treatment with Meayamycin B and SD6 in H929 cells. GAPDH 
was used as loading control. G) Heatmap of percentage Cytochrome c loss, as quantified by flow cytometry on indicated MM 
cell lines after 6-hour treatment with different chemicals as compared with DMSO-treated controls (purple, lowest value; 
yellow, highest value). After each treatment, MM cells were exposed to BH3 mimetic peptides (MS1 10 uM, mBAD and HRKy 100 
uM for all cell lines except for MM1S where 50 µM mBAD and HRKy were used) for 45 minutes at room temperature and 
subsequently stained for fluorescence activated cell sorting analysis. 
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tolerated during the 2-weeks treatment (Online Supple-
mentary Figure S14). The superior effect of the combina-
tion over single agents in reducing tumor volume and 
weight, (Figure 6A and B) was observed starting after 1 
week of therapy. The decrease in tumor growth was as-
sociated with improved OS of animals treated with the 
combination therapy, as compared with vehicle and single 
agents (Figure 6C, P<0.05). Remarkably, animals treated 
with Venetoclax monotherapy had a similar survival to 
that of vehicle-treated animals (P=0.15), confirming the 
lack of sensitivity of this model to Venetoclax treatment 
alone. In line with this data, immunohistochemical ana-
lyses revealed a dramatic increase of cleaved caspase-3 
positive MM cells, with marked reduction of mitotic per-
centage (Figure 6D and E). Additionally, increased apop-
totic bodies were observed in tumors derived from mice 
treated with the Venetoclax combination (Figure 6E). We 
also evaluated in vivo efficacy of Venetoclax combination 
with the clinical grade SF3b-targeting splicing modulator 
E7107.34 Mice injected with human MM1S cells were 
treated with vehicle, E7107 (2.5 mg/kg intravenous, once 
a day for 5 days), Venetoclax (100 mg/kg oral administra-
tion, once a day for 5 days) and their combination. As ob-
served in our previous model, E7107-treated tumors 
resulted in significant tumor regression compared to con-
trol mice and mice treated with Venetoclax alone and, the 

effect of E7107 was further enhanced by the combination 
with Venetoclax, as shown in Figure 6F (P<0.05). The mean 
tumor volume of mice treated with combination was 
lower than single agent treated mice bearing tumors with 
higher activity at day 54. Improved outcome was also ob-
served for the combination group of mice, with a median 
survival significantly longer compared to those treated 
with vehicle or monotherapies (combo vs. vehicle P<0.05; 
combo vs. Venetoclax P<0.001; combo vs. E7107 P<0.05) 
(Figure 6G). Overall, these data support the potential 
benefits of splicing inhibition to enhance anti-MM effects 
of Venetoclax. 

Discussion 
The process of RNA splicing regulates gene function in 
normal cells, but only recently its deregulation has been 
implicated in driving the development and/or mainten-
ance of cancer.9,35 Indeed, comprehensive genomic ana-
lyses have revealed accumulation of transcriptome 
changes, including aberrantly spliced products during 
tumor progression and drug resistance occurrence, thus 
identifying spliceosome machinery deregulation as crucial 
for tumor cells growth and making its targeting an inno-
vative strategy for successful anti-cancer approaches.9 In 

Figure 5. Continued on following page.
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Figure 5. Splicing modulators sensitize multiple myeloma cells to Venetoclax by deregulating BCL2 family-members. Cell 
viability curves of multiple myeloma (MM) cells treated with combination therapies using Meayamycin B (A) or Sudemycin D6 (B) 
and Venetoclax. CI synergy score (calculated with CalcuSyn software) for each set of drugs combination is indicated. Data are 
presented as mean ± standard deviation (SD) (n=3). (***P≤0.001, ****P≤ 0.0001; unpaired t-test). C) Immunoblots for phospho-
SF3B1, SF3B1, PARP, caspase 3, and GAPDH on MM cell lines following each stimulus (indicated in figure) at 24 hours. D) Apoptotic 
cell death assessed with flow cytometry analysis after Annexin V/propidium iodide (PI) staining of AMO-1 cells SF3B1-silenced 
(nucleofected with specific small interfering RNA (siRNA) or control cells (siRNA scramble) treated with Venetoclax (7.5 µM) for 
48 hours. Displayed are data represented as mean +/− SD in all (n=3). E) CD138+ cells (left) and peripheral blood mononuclear 
cells (PBMC) (right) collected from MM patients were treated with indicated doses of SD6, Venetoclax (0.5 µM) and their 
combination for 48 hours. Cell viability was measured by CTG assay. Cells deriving from the same patient are represented with 
same color in each graph. F) Flow plots of 1 representative MM patient sample. Corresponding sensitivity of MM-gated cells 
(CD38+/CD45-) and bone marrow stromal cells (BMSC) (CD38-/CD45-) to Venetoclax, SD6and cotreatment are shown. G) 
Indicated human multiple myeloma cell line (HMCL) (n=10) were treated with different doses of Venetoclax (Ven) for 24 hours 
and cell survival was assessed by CTG. Half maximal inhibitory concentration (IC50) analysis was performed with GraphPad 
software. n=3 independent experiments. H) Gene set enrichment analysis (GSEA) normalized enriched scores (NES) and false-
discovery rate (FDR) q-values for top enriched pathways, according to Reactome gene set, among de-regulated genes of 
Venetoclax resistant vs. sensitive cell lines; red square indicates the most significant region with splicing-related pathways 
accumulation (left); examples of GSEA-derived enrichment plots for genes involved in the splicing machinery (right).
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such a context, small molecules including spliceostatin, 
sudemycins, pladienolide and its derivatives are emerging 
as groundbreaking tools to fight cancers, especially those 
bearing splicing gene mutations. Since the RNA splicing 
apparatus is frequently affected by a wide range of driving 
events, including oncogenic MYC-activation and MCL1 ad-
diction, a synthetic-lethal relationship between different 
tumor “Achille’s heel” and core-spliceosome inhibition has 
been proposed, resulting in the increased use of splicing 
modulators for cancer treatment.9,19,27,36  
Here, we first confirmed the already reported upregulation 
of alternative splicing processes in MM cells by analyzing 
clinically annotated high throughput RNA sequencing data 
from the CoMMPass study. A pervasive splicing aberration 
was found in these cells to be associated with aberrant 
expression of RNA splicing machinery components and to 
significantly impact on overall clinical outcome. In line 
with these data, proliferating MM cells exhibited greater 
levels of spliceosome component SF3B1 than normal cells 
suggesting its role for tumor cell growth. Alternative splic-
ing affects a wide range of genes with prevalent impair-
ment of various cellular processes, including cell- cycle. 
Indeed, splicing isoforms have been reported for key cell-
cycle factors including cell division cycle 25 (CDC25), aur-
ora kinase B (AURKB), CDC-Like kinase 1 (CLK1) and CDK2. 
37,38 Thus, tumor cell proliferation rate might be respon-

sible for high SF3B1 levels observed in these cells, but 
more investigations are needed. Despite the low muta-
tional burden reported for splicing factors in MM, a strik-
ing anti-tumor effects of splicing modulators was 
observed to be associated with a significant change in 
MCL1 spliced isoforms in treated cells than specific con-
trol. These results are in accordance with other reports 
showing differential sensitivity to splicing modulation in 
BCL2 family genes, providing novel insights into mechan-
isms for spliceosome-targeted based approaches in tu-
mors.29 The effect on MCL1 caused by SF3B1 targeting 
resulted in a cellular addiction shifting from MCL1 to BCL2 
thus providing a rationale for combination of splicing 
modulators with the BCL2 inhibitor Venetoclax to achiev-
ing a synergistic activity against MM cell growth and vi-
ability. Indeed, a significant impact of this combination 
was observed on MM cells both in vitro and in vivo, while 
sparing non-cancerous cells thus providing evidence for 
a favorable therapeutic index. 
Apoptosis is a highly regulated intracellular process, es-
sential for normal cells survival and development; defects 
in regulation of this process result in a number of abnor-
malities, including cancer.39 Several B-cell malignancies 
such as chronic lymphocytic leukemia (CLL), lymphomas 
and plasma cell neoplasms, present different interaction 
between subgroups of the BCL2-family members includ-

Figure 6. Continued on following page.
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ing the pro-survival BCL2 (BCL2, MCL1, BCL2A1 and BCLxL) 
and the BH3-only proteins causing apoptosis. In these tu-
mors, drug exposure results in perturbed intrinsic apop-
totic pathway with mitochondrial apoptotic dependencies 
reprogramming and cell-death evasion. A proof-of-con-
cept for this strategy is represented by the breakthrough 
or small molecules mimicking BH3-only proteins, which 
have totally changed the treatment landscape of CLL and 
acute myeloid leukemia.40 Also MM exhibit high depend-
ence on apoptosis as suggested by efficacy of phase I 
clinical trial with Venetoclax in monotherapy (clinicaltrials 
gov. Identifier: NCT02755597) in RRMM patients, mainly in 
those harboring the t(11;14) translocation.33 Unfortunately, 
changes in apoptosis regulators result in clinical resis-

tance, thus supporting alternative strategies for these pa-
tients, including multiple apoptotic proteins inhibition.41,42 
40% of MM patients harbor gain or amplification status of 
1q21 which makes these cells addicted to MCL1 and ex-
tremely vulnerable to its targeting, as suggested by pre-
clinical studies.30,43 However, MCL1 has proven to be more 
challenging to target than BCL2, despite the long- stand-
ing interest in designing potent and selective MCL1 in-
hibitors for therapeutic use that have resulted in poor 
clinical benefits with few trials still ongoing (clinicaltrials 
gov. Identifier: NCT02992483, NCT02675452 and 
NCT03465540). We demonstrate here that modulation of 
splicing by selectively targeting MCL1, results in enhanced 
BCL2 activity on MM cells, and supports the synergistic 

Figure 6. Splicing inhibitors synergize with Venetoclax in vivo in multiple myeloma xenograft murine models A) MM1S cells 
(4,5×106 cells/mouse) were implanted in both flanks of female NOD/SCID J mice (8 weeks of age). Tumor-bearing mice were 
randomized and treated with vehicle (n=10); Venetoclax (100 mg/kg; n=10) administered by oral gavage once a day for 15 days; 
SD6 (12 mg/kg; n=10) intratumorally once a day for 10 days and their combination (n=10). A significant delay in tumor growth in 
combination-treated mice was noted compared to vehicle-treated control mice (***P≤0.001). Data are mean tumor volume ± 
standard error of the mean (SEM). B) At the end of the experiment, mice were sacrificed, and tumor masses were imaged and 
weighed. (n.s.: not significant, *P≤0.05, **P≤0.01). C) Kaplan-Meier analysis showing significant survival benefit for mice treated 
with the combo, compared with single-agent treatment SD6 (P=0.0169, Log-rank Mantel-Cox test). D) Histogram pots show 
caspase 3-positive cells and mitosis observed in 10 observations in tumors harvested from mice treated with indicated stimuli. 
(*P≤0.05, **P≤0.01). E) Immunohistochemical analysis for hematoxylin and eosin (H&E) and cleaved caspase 3 in xenografts 
tumors harvested from mice treated with control, SD6, Venetoclax or co-treatment. Tumor sections from treated and untreated 
mice stained with H&E were also analyzed for apoptotic bodies formation by using higher magnification. Red arrows indicate 
apoptotic bodies in each panel. Scale bar, 50 µm. F) MM1S xenograft-bearing, 8-week-old female NOD/SCID J mice were treated 
with vehicle (n=6); E7107 (2.5 mg/kg; n=9) intravenous once a day for 5 days; Venetoclax (100 mg/kg; n=8) oral administration 
once a day for 5 days and their combination (n=11). A significant delay in tumor growth in co-treated mice was noted compared 
to E7107-treated control mice (*P=0.0455). Bars indicate mean ± SEM. G) Kaplan-Meier survival plot showing significant increase 
in survival of mice receiving the combination of E7107 plus Venetoclax compared to E7107 single agent-treated mice (combo vs. 
E7107 P=0.0295). n indicates the number of tumors per treatment group. Data were analyzed by two-tailed Student’s t-test (A, 
B, D, F) or by Log-rank Mantel-Cox test (C,G). 
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activity observed in combination with Venetoclax. Re-
markably, no significant effects were observed on non-
tumor cells derived from the same MM patient and 
treatment was well tolerated in mice as well, suggesting 
a safe therapeutic window of tested combinations. 
Emerging studies suggest that tumor cells, including MM, 
hijack spliceosome activity to evade anti-tumor therapies: 
mis-spliced forms of binding protein CRBN and broad-
scale intron retention have been observed in MM patients 
with immunomodulatory drugs or protease inhibitor re-
sistance occurrence, respectively.16,44 Thus, splicing inter-
ference represents an exploitable vulnerability to 
overcome drug resistance but still deserves further inves-
tigations. Here, we confirm that alternative splicing is 
largely perturbed in MM cells and constitutes an attractive 
source for novel therapeutic strategies. Low dose of splic-
ing modulators, by shifting apoptotic dependencies, re-
sults in enhanced BH3 mimetic Venetoclax susceptibility, 
irrespective of specific genomic landscapes including 
splicing factor-mutations, c-MYC-expression or t(11;14) 
status, providing rationale for the use of this combination 
for the treatment of all MM patients. 
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