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Abstract
Background

Alternative splicing (AS) is a fundamental process in eukaryotes contributing to the diversity of mRNA isoforms with variable ratios of intron/exon. SF3B1 is a
pivotal protein of the spliceosome machinery. Mutations in the SF3B1 gene have prognostic value in Chronic Lymphocytic Leukemia (CLL). Our previous
studies have shown that SF3B1 inhibition with macrolides induces apoptosis speci�cally in CLL compared with normal cells. SF3B1 inhibition is associated
with a widespread increase in intron retention (IR) on most transcripts, suggesting that IR can be used as a marker of spliceosome inhibition in CLL cells.
However, it is unknown how the activity of SF3B1 contributes to the spliceosome activity and the poor clinical prognosis in CLL.

Methods

To better understand this process, we performed a comprehensive analysis to quantify the abundance of individual exonic and intronic mapped reads on
annotated RNA-Seq transcripts derived from the B cells of 98 CLL patients and nine healthy volunteers (Normal B cells – NBC). We calculated ratios for intron
and exon abundance for each transcript and use this as a measure of intron retention (IR) and a surrogate for alternative splicing (AS).

Results

We found that 66% of CLL B-cells transcripts had signi�cant IR elevation compared to NBC and that transcripts with high IR were associated with low
expression levels and mRNA downregulation. The IR increase in CLL B-cells was independent of prognostic factors such as IgVH or SF3B1 mutations.
Transcripts with the highest IR levels belonged to biological pathways associated with gene expression and RNA splicing. Also, we observed a >2-fold increase
of active pSF3B1 in CLL B-cells compared to NBC. Additionally, when the CLL-B cells were treated with macrolides (pladienolide-B), a signi�cant decrease in
pSF3B1, but not total SF3B1 protein was observed.

Conclusions

Our �ndings suggest that IR/ARS is increased in CLL and that this process is associated with SF3B1 phosphorylation and susceptibility to SF3B1 inhibitors.
These data provide additional support to the relevance of AS in carcinogenesis and evidence of pSF3B1 participation in this process.

Background
Chronic lymphocytic leukemia (CLL) is the most common B-ell malignancy among adults, characterized by apoptosis defects that provide a survival
advantage to neoplastic B-lymphocytes. High-risk patients such as those with a deletion of chromosome 17 (del17p) or TP53/ATM mutation generally fails to
respond to conventional chemotherapy. Thus, understanding the biology of CLL cells may enlighten the path to novel therapeutic development(1, 2).

Alternative RNA Splicing (ARS) is a widespread process in eukaryotes that contributes to post-transcription
mRNA isoform diversity. These isoforms are essential for several physiological functions such as cell division, differentiation, stress response, and linage
speci�cation (3-8). Many RNAseq based approaches are used to characterize the basic pattern of the ARS events like exon
skipping (ES), alternative 5’ or 3’ splice sites, mutually exclusive exons and intron retention (IR) (9, 10). Generally, these characterizations are based on
capturing the abundance of RNAseq reads that map to the annotated composition of exons and introns, also known as exon and IR of a transcript (11). The
exonic reads re�ect mature cytoplasmic mRNAs, and recent studies suggest that mapping the RNA-Seq reads to the de�ned intronic regions of a gene
essentially re�ects nascent transcript (pre-RNA) (9, 12, 13).

EISA (exon-intron split analysis) is a practical tool that analyses separately the effect of pre-mRNA and mRNA forms a transcript. EISA quanti�es changes in
the exonic and intronic reads in different conditions and effectively characterizes post-transcriptional changes in gene expression (13). In recent years, IR has
been the focus of several studies for its functional importance in cancer studies, its association with alternative RNA splicing, and carcinogenesis (14-17). Our
previous studies support this concept, as we demonstrated in vivo and in vitro evidence that IR is signi�cantly elevated in CLL cells compared to normal B cells
(NBC). However, it is unknown the regulatory pathways that contribute to the increase in IR/AS in CLL and what fraction of the intron-using transcript, a proxy
of pre-mRNA expression, contributes to the total RNA expression activity in CLL and other malignancies(18). 

The spliceosome machinery is a protein complex that regulates RNA splicing in eukaryotic cells. It comprises many splicing factors, and the best characterized
include splicing factor 3B subunit 1 (SF3B1), U2AF1, and SRSF2. Evidence suggests that mutations of the splicing factor genes are associated with the
aberrant splicing process during tumor development and metastases(19, 20). In CLL, mutations of SF3B1 are found in ~10-15% of cases and constitute an
independent prognostic factor associated with rapid progression, short survival, and lack of response to conventional treatments; hence, SF3B1 appears to be
a highly relevant target for CLL therapy(21, 22). Nevertheless, how the mutated SF3B1 (Mut-SF3B1) or imbalanced expression of the SF3B1 in CLL cells
affects the accumulation of IR on transcripts is mostly unknown. Our previous in vitro study suggests that hyper-activation of SF3B1 might be related to
transcripts with elevated IR in CLL cells. It might explain phenotypes associated with survival, cell proliferation, and possibly treatment resistance(18).

PLAD-B and FD-895 are two polyketides known to modulate the ARS by targeting SF3B1. This protein’s speci�c inhibition is postulated to be responsible for
their mechanism(s) of antitumor activity (18, 23-25). Our previous work demonstrated that these polyketides modulate IR level on a few selected genes in the
treated CLL cells, but not in untreated CLL or NBC samples (18). Interestingly, we also found no signi�cant difference in expression of Mut-SF3B1 vs. wild type
SF3B1 (Wt-SF3B1) in CLL cells, speculating that the contributions of SF3B1 to changes of the IR may not be mediated through its transcriptional activity, but
rather its activity at the protein level (18). However, it is not yet clear yet, how the activity of SF3B1 contributes to the regulation of IR/ARS in CLL cells.
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We carried out this study to achieve following speci�c aims: 1) Obtain a pro�le of the sets of transcripts associated with IR/ARS and their correlation with
prognostic factors in CLL. For this, we use bioinformatics tools to compare in- depth RNA-Seq data (available from the European Genome-phenotype Archive
[EGA]) between CLL and NBC(26), 2) Validate changes in abundance of transcripts previously found altered, using RNA isolation followed by RT-PCR of
another cohort of CLL vs. normal B-cells. 3) Attempt to elucidate the mechanistic pathway associated with IR/ARS alterations in CLL patients and the
relevance of the function of SF3B1 at the protein level (Figure 1).

Methods
Strategy to identify the IR events in CLL vs NBC samples

The RNA-Seq data were obtained from the European Genome-Phenome Archive (EGA,
http://www.ebi.ac.uk/ega) (27). This data comes from 98 CLL patients and

9 NBCs samples, and can be found in the following link on EGA, https://www.ebi.ac.uk/ega/studies/EGAS00001000374               (Study                ID:
EGAS00001000374)(26). In this study we used these datasets to study the signi�cance of IR in CLL cells and NBC. The work�ow in for the study shows
different steps taken for executing the RNA-Seq analysis on this dataset (Figure- 1).

The details of the samples are provided in the Supplementary Table-1. The details of the patients with only SF3B1 mutations are provided in the
Supplementary Table-2.

The samples were classi�ed into two risk groups: high risk and low risk based on IGHV mutational status. CLL patients with leukemic cells expressing
unmutated IGHV (U-CLL) were classi�ed as high-risk (HR) and patients with CLL cells expressing mutated IGHV (M-CLL) as low-
risk (LR). Illumina platform was used to sequence RNA collected from these CLL samples. The obtained reads were mapped to the Ensembl GRCh37.62 B
(hg19) reference genome using
RNA sequence aligner Tophat that aligns the reads across splice junctions independently of gene annotations (28). The transcriptome-
wide data was analyzed using Transcript Per Million (TPM) analysis. The transcripts that
were expressed in at least 60% of both NBCs and CLL cells samples were subsequently analyzed for IR analysis.

Quanti�cation of IR and Isoform expression

For studying this problem, we downloaded paired-end reads fastq �les of RNA- Seq      from    the                   European  Genome-phenome             Archive
(https://www.ebi.ac.uk/ega/home). To perform the intron/exon quanti�cation, we follow the guidelines published previously (13, 29), and detailed methods
used in this study are provided in supplementary material.

The reads from each sample were mapped onto the hg19 human genome using Tophat, version 2.0.10,(30) with default parameters. The output of that was a
SAM �le, which further converted to BAM �le using samtools (Version 1.3) (28), view command and sorted the BAM �le using and the samtools
sort command. Each sorted BAM �les for NBC and CLL cells were used to calculate TPM values for each genomic feature (isoform, exonic and intronic
regions) for every transcript. For the TPM calculation, we downloaded tablemaker and Ballgown Bioconductor packages (31). Using the tablemaker package,
we called �rst inbuilt Cu�inks command to reconstruct the individual transcripts and isoforms to estimate multi-mapped read count value for each of the
genomic features from every BAM �le and converted the output into Ballgown readable formatted �le. 

Later, using the Ballgown Bioconductor command, we loaded all readable formatted �les of multi-mapped-corrected read values in two separate matrices
in each case, for NBC or CLL cells, corresponding to overlapped exonic and intronic regions for every transcript de�ned in hg19-GTF. We also quantify
TPM expression values for every transcript and constructed two matrices for NBC and CLL cells using the Ballgown command’s “transcript-gene-table” option
applying equation-1. We retained only those transcripts whose TPM expression values were >0 in more than 60% of NBC and CLL samples to assure that the
analyzed transcript expresses in the large majority of sample both in NBC and CLL cells conditions. The intron-
less transcripts were removed from the hg19 GFF �le. With this, we could capture 25276 transcripts, which we used for the
downstream analyses (Supplementary Table-3).

We created an in-house program using python to calculate TPM values(32) for every exonic and intronic region of the expressed transcripts by applying the
formulas 2 & 3 shown in Supplementary material.

A 2D volcano plot was created to schematize the differential IR between CLL cells and NBC, CLL cells harboring Mut-SF3B1 and NBC, CLL cells harboring Wt-
SF3B1 and NBC, CLL cells harboring Mut-SF3B1 and CLL cells harboring Wt-SF3B1 and �nally M-CLL cells and U-CLL cells. The x-axis displays the
log2 fold change ratios between two different cell types (TPM (intron/exon) / TPM(intron/exon)) and the y-axis corresponds to the log10 of the mean
expression value (p-value) (CLL-B (transcript expression) / NBC (transcript expression)..

Association between IR and transcript expression in CLL vs. NBC

To assess the differences in IR and transcript expression association
between CLL cells and NBC, �rst we classi�ed all the transcripts into two sets: (i) transcript with signi�cantly high IR values in CLL cells and (ii) transcript
with signi�cantly high IR values in NBC. For this, we compared the transcript-speci�c distribution of TPM in NBC-Intronic vs CLL cells -Intronic values. We
performed two separate one-sided Wilcoxon test, each for (CLL cells > NBC) and (NBC > CLL cells) conditions. The transcripts satisfying (p <0.05; False
Discovery Ratio FDR=5%) for CLL cells > NBC were separated as set-i and the same for the condition NBC > CLL cells were separated for set-ii transcripts.

http://www.ebi.ac.uk/ega)
http://www.ebi.ac.uk/ega/studies/EGAS00001000374
http://www.ebi.ac.uk/ega/home)
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Within each set, we further classi�ed three sets of transcripts: (A) over-expressed, (B) under- expressed and (C) non-differentially expressed. For this, we used
TPM values from the transcripts expression and performed one-sided Wilcoxon test each for (CLL cells > NBC) and (NBC > CLL cells) at p < 0.05 and FDR=5%
for set-A and set-B. For set-C we separately checked for expression difference for CLL cells ≠ NBC and NBC ≠ CLL cells at p>0.05 and considered respectively
as set-C for CLL cells and NBC.

After capturing several transcripts ful�lling the six sets, we �rst constructed 2x3 contingency table and performed a Chi-square test. We also performed
Fisher’s of 2x2 contingency table for high/low intron-used transcript vs. over/under expression and recorded ODDs score.

To demonstrate sample-wise association study between high intron-retaining transcript in CLL cells with expression, we selected top 200 transcripts from
the set-IA based on ranked P-value and captured the TPM values for CLL-intron and CLL-transcript from every CLL samples and also the TPM values for NBC-
intron and NBC-transcript for each of the 200 NBC transcripts. Later we converted the TPM values into Z-scores and plotted them into heatmaps using an in-
house built R-script. The heatmap column was sorted: �rst, NBC samples, second, M-CLL samples and last U-CLL samples.

Analysis of Biological Pathways and Molecular Functions affected due to IR in CLL vs. NBC

We used the top 25% transcripts with high IR in CLL cells as compared with NBC. The biological pathway enrichment was done    with   PANTHER (Protein
Analysis Through Evolutionary Relationships) classi�cation system. Top 25% transcripts used with signi�cantly high IR in CLL cells compared with NBC (p <
0.05; FDR=0.1). We selected the transcript gene symbols used those as input, chose “Panther Overrepresentation Test” and picked Reactome Pathway as the
annotation set. The p-value was adjusted using a Bonferroni correction (33, 34). Molecular function enrichment was done using WEB-based Gene Set Analysis
Toolkit (WebGestalt, http://www.webgestalt.org) (35).

Network analysis

We used Reactome Functional Interaction (FI) network database a highly reliable, manually curated pathway-based protein functional interaction network(36),
to analyze RNA-Seq data obtained from 98 CLL patients and 9 NBCs. Reactome FI network database identi�ed protein interaction data for 9821 genes. Protein
interaction networks were used to assign sets of genes to
discrete subnetworks(37). A subnetwork is de�ned as a graphical representation of genes, represented as nodes, and functional interactions represented as con
lines between nodes. The color of the nodes represents the log2 ratio of IR in CLL versus in NBCs. A version V3.4 of Cytoscape was used to
identify and visualize the �rst neighbors of SF3B1 in the subnetwork (38).

B-cell isolation: Peripheral blood mononuclear cells (PBMC) derived from CLL cells were obtained from the CLL tissue bank of the Moores Cancer Center,
UC San Diego, La Jolla. Upon con�rmation of the diagnosis of CLL(39),
patients provided written informed consent for blood sample collection on a protocol approved by the Institutional Review Board of UCSD, following with the De
of Helsinki (40). Normal B-cells (NBC) were puri�ed from buffy coats of healthy volunteer donors. Positive isolation with Dynabeads CD19 pan B
(Life Technologies) and DETACHaBEAD CD19 (Life Technologies) were used to achieve more than 95% purity by �ow cytometry analysis.

CLL cells: Chronic lymphocytic leukemia B-cells (CLL cells) were either used
as pure (puri�ed for pro�ling using negative selection kit (23), or studied by gating on double-positive cells for CD19/CD5 surface markers.

SF3B1 sequencing for characterization of CLL samples to classify as Mut- SF3B1 or Wt-
SF3B1
For pro�ling of the CLL cells to know the SF3B1 mutational status, we took 5e106 CLL cells and processed them for DNA isolation as described previously
(41). The details of the CLL samples used for SF3B1 and pSF3B1 pro�ling along with their SF3B1 mutational status are provided in Table-1. 

Table-1

 SF3B1 mutational status in CLL patients used for expression pro�ling of SF3B1 and pSF3B1
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Sample ID Type of SF3B1
Mutation

Type of SF3B1
Mutation

CLL101 Heterozygous K700E

CLL102 Heterozygous K700E

CLL103 Heterozygous E622D

CLL104 Heterozygous N626Y

CLL105 Heterozygous K700E

CLL106 Heterozygous K700E

CLL107 Heterozygous G740E

CLL108 Heterozygous K700E

CLL109 Heterozygous K700E

CLL110 Heterozygous R625C

The DNA ampli�cation for different SF3B1 mutations focused on exons 14 and 15 was carried out using primers listed in Table # 2.

 

Table # 2

List of primers for characterization of mutation in CLL B- cells for SF3B1 gene

  
SF3B1

Primer Direction   
Primer Sequence

PCR 
Product (BPs)

Exon 14 Forward 5’ TCTGTTTATGGAATTGATTATGGAA 3’   
424

Exon 14 Reverse 3’ GGGCAACATAGTAAGACCCTGT 5’

Exon 15 Forward 5’ TTGGGGCATAGTTAAAACCTG 3’   
209

Exon 15 Reverse 3’ AAATCAAAAGGTAATTGGTGGA 5’

Reverse transcription PCR (RT-PCR)

For validation of candidates for IR, CLL or normal B cells (NBCs) (5e106 cells/well) were subjected to RNA isolation. Total RNA was isolated using total the
RNA isolation kit from Life Technologies (Grand Island, NY USA). For IR validation studies, the potential source of false positives could be the traces of  DNA
present in CLL or NBC samples after RNA isolation; isolated RNA samples were treated with DNase I to remove DNA contamination and then cDNA was
prepared as described previously(23). The list of primers used in the study for validation of IR for transcripts of different genes is shown in Table # 3.

PCR conditions were as follows: 95ºC for 3 min; 35 cycles of 95ºC for 30 s; 55- 58ºC (dependent on transcript speci�c primers) for 30 s, and 72ºC for 45
s; followed by 72ºC for 5 min using a PTC-100 thermocycler (MJ Research). PCR products were separated on a 2% agarose gel and stained with ethidium
bromide (23).

Expression of SF3B1 and phospho-SF3B1 in CLL samples
The CLL cells and normal B cells were seeded the day before the experiment and cultured overnight. Before plating, the DMSO content was removed by making
the total volume to 10 ml by adding HBSS and the cells were centrifuged at 300g for 5 minutes at RT. The supernatant was discarded, and the cells were re-
suspended in appropriate volume to have at least 1e6 cells/50 µl/well.

The cells were plated and incubated with 10 µg/ml of anti-IgM (catalog # 2022- 08, Southern Biotech) for 15 minutes at 37oC (42, 43). After incubation, the
cells were centrifuged immediately at 4oC to stop the reaction and washed twice
with FACS buffer. The cells were labeled with CD19/CD5 (for CLL cells) and CD19/CD20 (for NBCs) and incubated for 30 minutes at 4oC. The cells
were incubated in pre-warmed cyto�x buffer at 37°C for 10 minutes before use and centrifuged at 300g for 5 minutes; the supernatant was removed. The cells
were disrupted by pipetting back and forth and permeabilized using Phospho�ow PERM buffer by incubating for 30 minutes on ice. The cells were washed
twice with FACS buffer and centrifuged at 300g for 10-15 minutes to remove the supernatant.

The PBMCs isolated from human blood were processed for CD19/CD20 staining at 40C. The cells were washed twice with FACS buffer and �xed
immediately using BDTM Phospho�ow Perm Buffer (Catalog # 558052) for 10 minutes at 37oC.

Table # 3

 List of primers used for validation of intron retention for different genes in CLL and normal B-cells 
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Gene Symbol

HGNC Approved Name of the molecule (Genomic region probed)  
HGNC ID

 
HPRD ID

 
Refseq ID

Coordinates on UCSC Genome
Browser

 
ADTRP

Androgen dependent TFPI regulating protein (chr6:11716510-
11716630)

 
21214

 
12836

 
NM_032744

chr6:11716510- 11716529

chr6:11716611- 11716630

 
RPL39L

Ribosomal protein L39-like (chr3:186,847,868- 186,848039)  
17094

 
09610

 
NM_052969

chr3:186,847,868- 186,847,887

chr3:186,848,019- 186,848,039

 
HS3ST1

Heparan sulfate (glucosamine) 3-O- sulfotransferase 1
(chr4:11,424,163-11,424,329)

 
5194

 
04455

 
NM_005114

chr4:11,424,163- 11,424,182

chr4:11,424,310- 11,424,329

 
CTLA4

Cytotoxic T lymphocyte- associated antigen 4 (chr2:203871925-
203872008)

 
2505

 
00474

 
NM_005214

chr2:203871925-
203871944

chr2:203871989- 203872008

 
FMOD

 
Fibromodulin (chr1:203343741-203343920)

 
3774

 
02591

 
 
NR_103757

chr1:203343741- 203343760

chr1:203343896- 203343920

 
GUCY2C

 
Guanylate Cyclase 2C (chr12:14625022-14625136)

 
4688

 
07529

 
 
NM_004963

chr12:14625022- 14625041

chr12:14625117- 14625136

FP: forward primer, RP: reverse primer, Tm: Melting temperature

Post-incubation, cells were centrifuged and after decanting the supernatant the cells were �xed with BD Phospho�owTM Perm buffer II (catalog # 558052) for
30 minutes on ice. The cells were centrifuged at 300g for 5 minutes and the supernatant was discarded. Further, cells were washed twice with FACS
buffer. The Fc receptor (FcR) was blocked by using FcR blocking agent (catalog # 130- 059-901, Miltenyi Biotec) in a ratio of 1:25 at room temperature for 10
minutes. The cells were treated using 1:200 dilutions of rabbit anti-Human SF3B1 (D7L5T, catalog #14434, Cell Signaling Technology), rabbit anti-human
phosphor-SF3B1 (Catalog # 25009S, Cell Signaling Technology), or normal rabbit IgG (catalog # 2729, Cell Signaling Technology) as a non-speci�c isotype
control for 30 minutes at room temperature. The cells were washed twice with FACS buffer and incubated with Alexa Fluor® 488 Conjugated goat anti-rabbit
IgG (H+L), F(ab') fragment (catalog #4412, Cell Signaling Technology) with a dilution of 1:50 for 30 minutes at RT. The cells were washed twice with FACS
buffer and subjected to run on the �ow cytometer. The data analysis was carried out using �owjo software. All the samples were run in duplicate.

Western blot analysis

CLL cells were treated with 100 nM of PLAD-B for 15, 60, and 180 minutes. The lysates were prepared using a modi�ed RIPA buffer. Untreated CLL cells were
used as a control. The samples containing at least 20 µg of total protein were subjected to 4-20% Criterion Precast Gel (Bio-Rad) SDS-PAGE, followed by
transfer using polyvinylidene di�uoride (PVDF) membrane (Millipore). After blocking with 5% bovine serum albumin (BSA) in TBST (20 mM Tris•HCl, 137 mM
NaCl, 0.1% Tween-20 pH 7.6), the membrane was incubated with primary antibody overnight at 4 °C. The following primary antibodies were used: rabbit
monoclonal anti-SF3B1 at dilution 1:1000 (14434, clone D7L5T, Cell Signaling Technology), mouse anti-phospho-SF3B1 (Anti-pSF3B1) at dilution 1:1000
(clone, D8D8V, site: Thr313, catalog # 25009S, Cell Signaling Technology), and rabbit anti-β-actin at dilution 1:5000 (Catalog # 4967, Cell Signaling
Technology).(24) After washing twice with TBST, the membranes were incubated with horseradish peroxidase (HRP)-labeled anti-rabbit (Catalog # sc-2030,
Santa Cruz Biotechnology) or HRP-labeled anti-mouse (Catalog # sc-2031, Santa Cruz Biotechnology) secondary antibodies with a dilution of 1:5000 dilution
for 1 h at room temperature in TBST with 5% skimmed milk. Protein-antibody complexes signals were detected by exposing the X-ray �lms (Catalog # E3018,
HyBlot CL) after treatment with Enhanced chemiluminescence (ECL) kit (catalog # 32106, Pierce Thermo Scienti�c).

Statistical analyses

Data was analyzed using GraphPad Prism 5.0 (GraphPad Software, Inc.). The error bars represent standard deviation (SD). Statistical differences for the mean
values are indicated as follows: *, **, *** and **** denote p<0.05; p<0.01; p<0.001, p<0.0001 respectively.

Results
Our initial study found that the intron/exon’s ratio was signi�cantly higher in CLL than NBCs (Supplementary Figure-1). The observations were quite
intriguing, so we decided to test our observation in a large cohort of CLL and NBC samples. For the same, we analyzed the RNA-Seq data
obtained from EGA(26).

Classi�cation of RNA-Seq data

The immunoglobulin heavy chain variable region genes (IGHV) were available for 97 (99%) CLL samples. Forty-one had CLL cells expressing unmutated-
IGHV (HR) with 98% homology to the germline IGHV, whereas �fty-six had CLL
cells expressing mutated IGHV genes (LR). One sample without known IGHV mutational status was excluded from the analysis (Supplementary table-
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1). Eighty-�ve patients had CLL cells harboring Wt-SF3B1, whereas nine patients had CLL cells carrying the Mut-SF3B1 gene. The SF3B1 mutational status
was not available for four samples, so these samples were excluded from the analysis (Supplementary table-2).

Identi�cation of IR events in CLL vs. NBC samples

The transcriptome-wide data was analyzed using TPM analysis. The  ranscripts were expressed in at least 60% of both NBCs and CLL samples were
subsequently analyzed for IR analysis. The global distribution of IR for 14811 transcripts is shown in the volcano plot of Figure 2. The lists of transcripts are
provided in Supplementary Table-3. Also, an overall pattern for intron/exon ratio for all CLL cells (regardless of their subtypes) vs. NBC has been shown in
Supplementary Figure-2A. The scatter plot of CLL cells vs NBCs presents overall distribution of IR (Supplementary Figure 2A) where we observed that there
were 20906 transcripts (61%) above the regression line and 13894 (39%) below the regression line, indicating that a large majority of transcripts had
>1 intron/exon ratio in CLL cells as compared with NBC, consistent with our previously published study on CLL(18).

The volcano plot created to schematize the differential IR between two cell types gives a global view of expression level and IR. The upper right quadrant in
Supplementary Figure 2B represents values positive for both quantities.

The isoforms plotted in this quadrant were interpreted as more expression
and more IR in CLL cells. The lower right quadrant was for positive values of the “log2 of CLL cells (intron/exon) / NBC (intron/exon)” and low values of the
“log10 (CLL cells (transcript expression) / NBC (transcript expression))”. This quadrant showed isoforms with more IR in CLL cells but with lower
expression. The upper left quadrant shows negative values of “log2 of CLL cells (intron/exon)

/ NBC (intron/exon)” and positive values of the “log10 (CLL cells (transcript expression) / NBC (transcript expression))”. It showed more IR in NBC but more
expression in CLL cells. Finally, the lower left quadrant was opposite of the right upper quadrant. It shows more expression and more IR in NBC than in
CLL cells (Supplementary Figure 2B). The volcano plots making a comparison between CLL cells harboring Mut-
SF3B1 and NBC (Figure 2B), CLL cells harboring Wt-SF3B1 and NBC (Figure 2C), CLL cells harboring Mut-SF3B1 and CLL cells harboring Wt-SF3B1 (Figure
2D) and �nally M-CLL cells and U-CLL cells (Figure 2E) have been interpreted similarly.

Further, the scatter plot of Figure 2F shows the comparison between IR ratio on the x-axis (Log2 CLL intron / NBC intron) and exon ratio on the y-axis (Log2

CLL exon / NBC exon), for all transcripts between CLL cells vs NBC.

Association between intron retention and transcript expression in CLL

cells To assess the transcripts’ global association of IR and expression of the transcripts, we �rst took the complete 25276 reference transcripts. We classi�ed
them based on levels of IR and expression of the transcripts in CLL cells and NBC using a one-sided Wilcoxon test (see Methods). Using this, we found six sets
of distinct transcripts: set-IA, set-IB, and set-IC, corresponding to transcripts contributing to high IR with upregulation, high IR with downregulation and high IR
with non-differential expression in CLL. Similarly, set-IIA, set-IIB, and set-IIC correspond to transcripts contributing similarly to three sets in NBC. We found a
total of 16725 transcripts contributing to differentially intron-retaining transcripts in CLL cells and NBC, among those, 11969 (set-I=71%) were signi�cantly
high intron-retained in CLL cells, and 4756 (set- II=29%) were signi�cantly high used in NBC with p-value < 0.05 (FDR=5%). Within the 11969 transcripts, the
set-IA 

contains 10436 (87%), set-IB contains 188 (2%) and set-IC contains 1345 (11%). We constructed a 2x3 contingency table (Figure 2A) and performed a Chi-
square test. The Chi-square test value was highly signi�cant with a p-value < 1.0e-300. The data presented in the bar graph (Figure 3A), show overexpression
of high and low intron-retaining transcripts in CLL and NBCs. We plotted set-IA, set-IB, set-IIA and set-IIB, performed Fisher’s exact test and observed the result
with p- value< 1.0e-300 and ODDs=863. These results suggest that in CLL cells the IR contributes positively to the up-regulation of corresponding transcripts.

To study the sample-wise association between the IR and transcript expression, we sorted the set-I (11969 transcripts), ranked them by p-
value from lowest to the highest order (Figure 3A), and selected the top 200 transcripts (see Methods and Supplementary Information). We recorded values for
these 200 transcripts; for IR and transcript expression observed in all CLL cells and NBC samples. We segregated the CLL samples based on IGHV mutational
status in order to understand the association with disease prognosis. An overall sample- wise IR in CLL cells was positively associated with the corresponding
transcripts sample-wise expression as compared to IR and transcript expression in NBCs
(Figure 3B & 3C). However, the association between IR and transcript expression observed, comparing unmutated-IGHV CLL cases (HR) with
NBC’s had a statistically higher signi�cance (p<0.05) than the association kept comparing mutated-IGHV CLL cases (LR) with NBCs. Further, the degree
of association was increased case of IGHV unmutated (poor prognosis) cases.

Analysis of Biological Pathways and Molecular Functions Altered Due to IR between CLL vs. NBC in transcripts with maximum IR

Next, we analyzed the top 25% transcripts from Figure-1A with high IR in CLL compared with normal B-cells (Supplemental table 4). We observed everal
different pathways affected by IR Figure
4A), including extracellular matrix including collagen organization, in�ammation mediated by chemokine and cytokine, Hemostasis, antigen processing (T-cell
activation), immune-regulatory interactions between a lymphoid and non-lymphoid cell, and cellular response
to stress. However, we found RNA processing, splicing, and gene expression pathway as the major ones where 30% of the transcript input belongs to
this pathway. In summary, the IR containing transcripts were enriched for biologically important pathways in CLL cells.

We analyzed the top 25% transcripts for molecular function (MFs) and assessed the effect of IR on molecular function in CLL cells. We observed several
different MFs affected due to high IR in CLL/NBC (Figure-4B). Among the top MFs
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were protein binding, ion binding, nucleic acid binding, hydrolase activity, and transferase activity.

Network Analysis

We analyzed RNA-Seq data obtained from 98 CLL patients and 9 NBCs sing Reactome Functional Interaction (FI) network database, a highly reliable,
manually curated pathway-based protein functional interaction network; this analysis allowed us to obtain protein interaction data for 9821 genes. Protein
interaction networks were used to assign sets of genes to discrete subnetworks. 

Cytoscape V3.4 software enables us to identify the �rst neighbors of SF3B1
and visualize the subnetwork centered on SF3B1. In this subnetwork, the nodes’ color of the nodes represents the log2 ratio of IR in CLL cells versus in
NBCs. (Figure-4C).

Furthermore, the network analysis provided insight into the pathways that emerged due to high IR in NBC: the immune system, metabolism of RNA,
DNA replication, cell cycle, and metabolism of proteins (Supplementary Figure-
3). When analyzed in CLL cells, the network analysis provided insight into the pathways that emerged due to high IR in CLL cells: immune system, homeostasis
(Supplementary Figure-4).

Validation of candidate transcripts for IR in CLL cells and NBC

To validate our �ndings from the high-throughput RNA-Seq data, we chose six transcripts with high IR in CLL cells and selected a region showing the event; the
area, including the intron, was ampli�ed, and we found that in all CLL cells but no in NBC the intron was present.

The six transcripts included novel as well as known transcripts that have been described previously in CLL cells. One of the transcripts for the CTLA4 gene
has been shown for the intronic region retained in CLL cells but not in NBC (Figure 5A). The six transcripts that were validated using RT-PCR were: cytotoxic T-
Lymphocyte associated protein 4 (CTLA4), androgen-dependent TFPI regulating protein (ADTRP), �bromodulin (FMOD), heparin sulfate-
glucosamine 3- sulfotransferase 1 (HS3ST1), guanylate cyclase 2C (GUCY2C), ribosomal protein L39 like (RPL39L) (Figure 5B). The IR ratio for CTLA4 was
29.5 in CLL cells as compared to NBC. We were able to amplify the intronic region in all CLL cells but not detected in NBC.

We validated C6orf105, which was later designated as the ADTRP gene (Figure 5B). The IR ratio between CLL cells and NBC was 25.6, indicating a
signi�cantly higher IR in CLL cells compared with NBCs. Another known gene was (FMOD), for which we found a signi�cant increase in IR in CLL cells
compared with NBC. Previously, FMOD was overexpressed in CLL compared with NBC (44, 45). The ratio of IR in CLL cells /NBC was 23.4, and it was also
validated in CLL cells (Figure 5B). Overall, we observed aberrant splicing and in particular high IR in CLL cells compared to NBC in ~73% of the transcripts.

Up-regulation of total SF3B1 and pSF3B1 in CLL Cells

A large number of studies in solid tumors and hematological malignancies reported aberrant regulation of spliceosome complex. Since, SF3B1 is one of
the signi�cant spliceosome complex proteins associated with leukemia, we reasoned to study SF3B1, one of the spliceosome complex’s signi�cant
proteins(46). We found that the expression of SF3B1 and pSF3B1 was signi�cantly higher in CLL cells compared with NBC’s (p<0.0001 and p<0.01,
respectively) (Figure 6A). However, no signi�cant difference was observed between SF3B1 and pSF3B1 expression levels in NBCs.

Effect of Anti-IgM on SF3B1 and pSF3B1 expression in CLL cells and NBC 

We tested whether SF3B1 and pSF3B1 expression could be modulated by anti- IgM stimulation. After in vitro stimulation of CLL cells with anti-
IgM for 15 minutes, no difference in SF3B1 expression was observed between IgM stimulated and un-
stimulated; the same effect was observed between stimulated and un-
stimulated NBCs. Also, no difference in SF3B1 expression was observed we compared CLL cells; we made a comparison between Mut-SF3B1 and Wt-
SF3B1 (Figure 6B). But, when we compare both groups of CLL cells (Mut-SF3B1 and Wt-SF3B1) with NBC, higher expression of total SF3B1 was evident in CLL
(p-value<0.05).

When the expression of pSF3B1 levels was observed between Wt-SF3B1 vs. Mut-SF3B1 CLL samples, no differences were observed; however, in both
cases, there was a signi�cant rise in protein expression after IgM stimulation. The pSF3B1 levels in both Wt-SF3B1 and Mut-
SF3B1 had a marked overrepresentation compared with NBC in both treatments, with IgM stimulation or without stimulation.

Modulation of Expression of SF3B1 and effect on post-translational modi�cation upon macrolide probe treatment in CLL cells

Since we observed IR in more than >70% of the transcripts, we hypothesized that the CLL spliceosome machinery could have an operation defect that makes it
does not complete the intron removal function as it should. Due to the lack of an ideal method to measure spliceosome activity in cells, we reasoned to use
a previously reported macrolide molecule PLAD-B to modulate the splicing factor subunit SF3B1 (a driver protein for spliceosome activity) and to determine
its phosphorylation. In particular, we interrogated the threonine amino acid
site, which gets phosphorylated at site Thr313, reported to indicate active spliceosome(47).

We treated CLL cells with 100 nM of PLAD-B for 15, 60, 180, 360, or 960 minutes and interrogated for expression of total SF3B1 and pSF3B1. We found no
signi�cant change in total SF3B1 expression between untreated and treated CLL cells over time. However, in CLL cells, the level of pSF3B1
signi�cantly decreased after 15 minutes of PLAD-B treatment. In contrast, the protein level of total-SF3B1 does not change, suggest that the PLAD-B could
control pSF3B1 form, and in turn, modulate the IR program of the transcriptome of CLL cells (Figure 6C). In contrast, no change in the expression of SF3B1
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and pSF3B1 was noticed upon treatment with 10 µM of Fludarabine (F-ara-A), a conventional chemotherapy agent used in the clinic for CLL patient’s
treatment.

Discussion
Many studies focused on transcriptome pro�ling of CLL cells in recent years. They have reported aberrant splicing events and mutations in genes such
as SF3B1, SRSF2, U2AF1, and U2AF2, which belong to splicing machinery, i.e., spliceosome, have been reported (10, 19, 20, 26, 41, 46, 48).
Furthermore, mutations in SF3B1 are associated with poor prognosis in CLL patients(49, 50).

Alternative splicing is the process, which leads to diversity in the genome via the generation of novel isoforms for different genes controlled by the
spliceosome complex. Several splicing events have been reported to be associated with other diseases, including cancers (14, 18),(51-
53), and other diseases like diabetes(54), cardiac hypertrophy(55), and amyotrophic lateral
sclerosis(56). Many factors, the length of the exons and introns play a critical role in recognizing the splice site, and when small, it is most e�cient (57). The
splicing events are based on the combination of intron and exons are altered. In our study we investigated the degree to which IR was observed in the
transcriptome of CLL cells compared to NBC.

Evaluation of the total events that are part of AS is very challenging, and because most AS takes place with partial or complete involvement of the intron, we
decided to align the reads, quantify the retained-intron or exon across the transcriptome and calculate for each transcript the intron/exon ratio and use
this value as an IR measure and a mathematical surrogate for AS.

In an earlier RNA-Seq study, we used fragments per kilobase of exon model per million mapped reads (FPKM) as the quantitative measure. Since then, there
has been advancement in RNA-Seq, and FPKM can be converted to transcript
per million (TPM). Due to the inconsistences amount samples introduced while quantifying the transcript abundance with reads per kilobase of exon model
per million reads (RPKM) or FPKM, Wagner et al. introduced TPM and
demonstrated that TPM respects the average invariance and eliminate statistical biases inherent in the RPKM or FPKM measures (58), and overall the effect of
current study, we used TPM for RNA-Seq analysis.

 

In recent years, among different types of splicing events, IR came into highlight because of its association with the inactivation of tumor suppressor genes nd
reports in other malignancies including breast cancer, lung adenocarcinoma, CLL, hepatocellular carcinoma(61), and even in normal tissues/cells like T
cell(62), normal granulocyte differentiation(4), and neuronal development(8). IR has been reported as a common mechanism for the inactivation of tumor
suppressor genes(53).

In this study, we observed that 66% of the total transcripts have high IR, and an increased level of transcript expression. Further, we assessed change in ratio of
an abundance of IR in pre-mRNA vs. exon-using mRNA transcripts in CLL cells and found that high ratio of the pre-mRNA to mRNA is more prominent than
low ratio, which globally suggests that highly accumulated pre-mRNA transcripts may down-regulate expression of mRNA in CLL cells.

Further, among top IR harboring transcripts, RNA processing and splicing were the signi�cant pathways represented in our �ndings. There are reports of
genes with retained introns in concordance with our data, where an increase in transcript expression was observed for SLC25A37, SPTA1, and SF3B1 genes(63)

For all the six gene validated and analyzed, we found that none of the NBC samples showed intron region presence, whereas all the CLL samples
showed presence of the intronic fragment indicating that IR occurs pre-dominantly in CLL cells.

Among known genes, we found cortactin gene for which there was high IR as well as an increase in the transcript expression. CTTN has been reported
in association with CLL with signi�cant increased mRNA expression in CLL cells compared with NBC (64). We validated cytotoxic T-lymphocyte-
associated protein 4 (CTLA4) and Fibromodulin (FMOD) transcripts, which have been reported to be expressed in CLL. Another example of a known gene was
FMOD. We found high IR and over-expression for FMOD CLL specimens has been described previously (17). In a recent study, FMOD was one of the seven
genes included in an expression panel that was reliably able to distinguish clonal expansions of CLL cells from normal B-lymphocytes. FMOD has been
reported to be upregulated in CLL and to be exclusively expressed in CLL and mantle cell lymphoma. In a recent study, FMOD was one of the seven genes
included in an expression panel that was reliably able to distinguish CLL cells' clonal expansions from normal B-lymphocytes.
FMOD has been reported to be upregulated in CLL and exclusively expressed in CLL and mantle cell lymphoma(65).

Another gene CTLA4 that code for cytotoxic T-lymphocyte associated protein 4 (CTLA4) the ratio of IR ratio was 29.5 in CLL as compared to normal B-cells.
CTLA4 is also known as CD152 and has been reported in CD4+ and CD8+ T cells. It is a surface protein, which bears one transmembrane (TM) domain and a
signal peptide (SP). We were able to amplify CTLA4 intronic region in all CLL but not in normal B-cells. CTLA4 has been reported to be downregulated in
CLL samples(66). CTLA4 consists of two ligands present on B-cells: CD80 (B7-1) and CD86 (B7-2), and has robust a�nity towards these, and hence by
binding to CD80, it can lead to inhibition of the T-cell activation through AKT phosphorylation(67, 68). We were able to amplify the intronic region in all CLL but
not detected in normal B-cells. We found that none of the NBC samples showed intron region presence. In contrast, all the CLL samples showed the intronic
fragment's presence, indicating that IR occurs pre-dominantly in CLL B- cells.

A widespread IR occurrence suggested an aberrant splicing pattern of splicing in CLL cells, further suggesting abnormal spliceosome activity. There has been
an association between poor prognosis of CLL disease and Mut-SF3B1. Still, in this work, we found no signi�cant IR difference between Mut-SF3B1 and Wt-
SF3B1 harboring CLL cells, suggesting that the Mut-SF3B1 does not signi�cantly in�uence the change of IR in CLL cells transcriptome. This may indicate that
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the K700E and other mutations assessed here are not related to the overall IR effect in CLL cells. In agreement with previous �ndings (49), mutations in SF3B1
associated with poor outcome induced subtle but broad changes in gene expression across multiple pathways with no relation with spliceosome activity. 

In this study and in agreement with previous �ndings,(50, 69) we reported an increased expression of SF3B1 transcript and SF3B1 protein in CLL cells
compared to NBCs. Still, there is no clear evidence whether it is because of chromatin hypomethylation of SF3B1(70), or hyper-phosphorylation of SF3B1
at 313th position threonine amino acid residue. The SF3B1 mutant cases have been observed to bear detectable levels of
SF3B1 transcript, which indicates the possibility that SF3B1 has a gain of function(49, 50, 71), which explain that even Mut-SF3B1 also have overexpression
of SF3B1 protein as compared to NBC. The transcript expression of SF3B1 has been reported previously as upregulated in CLL cells compared to NBC(50, 69).

Since we observed overall IR events in CLL B-cells as compared to NBCs, our study indicates that these aberrant IR events could be associated with
abnormalities in the spliceosome machinery in CLL B-cells. Part of the evidence for that is the pSF3B1 activity due to 313 threonine residue, which is found
only in a catalytically active spliceosome form associated with chromatin and where ~80% of the pre-mRNA splicing occurs(72). Moreover, our results suggest
that there are signi�cant abnormalities in IR/AS in cancer cells compared with their normal counterparts and highlight this pathway's role in carcinogenesis
and potentially unveiling future therapeutic targets based on transcriptome analysis and gene expression.

After targeting the spliceosome with the SF3B1 macrolide inhibitor PLAD-B, we observed downregulation of pSF3B1 but no changes in total SF3B1
expression. The effect on pSF3B1 expression caused by PLAD-B appears to be highly speci�c as cytotoxic agents like F-ara-A did not induce pSF3B1
downregulation despite of triggering cell death and even when this compound was used at supra- physiological concentrations. These data provide further
support of the relevance of pSF3B1 and its role in splicing activity, cancer cell survival, and the mechanism of action of spliceosome inhibitors such as PLAD-
B.

PLAD-B effectively induces cell death effectively in Mut-SF3B1 or Wt-SF3B1 harboring CLL B-cells, which is intriguing. One possible reason could be the
location of SF3B1 mutations as in MDS, these are located in a close cluster, but in CLL, SF3B1 mutations are spread in the heat-repeat region(73).

Our study reported many non-coding RNAs (ncRNAs) with high intron-usage, but their relevance concerning CLL disease is unknown. Interestingly, many
RNAs that have been identi�ed belonging to ncRNAs provide evidence on the translation of products in the form of peptides from the antisense transcripts
and introns(74). For future directions, we plan to study intron-usage for transcripts, which retain the introns, harbor the premature termination codon, and
examine how it targets the mRNA for nonsense-mediated decay (NMD). These studies could be critical as post-
transcriptional mRNA processing. The transcripts' stability is emerging as signi�cant modes of gene regulation in cancer,
even though little is known about how leukemic/cancerous cells control mRNA processing or target mRNAs for degradation.

Overall, our results suggest a crucial role of IR in CLL, IR/AS patterns and pathways affected by this transcriptome alterations, an the potential impact of this
in leukemia’s pathophysiology. More importantly, we hypothesize that by extension, there are broader implications of our �ndings implicating IR/AS in the
process of carcinogenesis in general. Furthermore, we found that pSF3B1 de- phosphorylation mediated by SF3B1 inhibitor (PLAD-B) is critical in the
mechanism of these compounds’ action and provides evidence that increased signaling through the spliceosome machinery components may be responsible
for the IR/AS transcriptome alterations present in CLL.

Conclusion
We showed that clearly there is signi�cantly higher abundance of retained introns in CLL cells. The pathway analysis as well as macrolide treatment provided
evidence in favor of the dysregulated RNA splicing machinery that could be targeted in CLL. These �ndings have the potential to be extrapolated in other
malignancies as well. The role of not only intron retention, but also of other AS events could of clinical signi�cance in CLL, therefore that could be an area for
further investigation to decipher the role of AS in leukemogenesis
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Figures

Figure 1

The work�ow for RNA-Seq Analysis for IR Study in CLL vs NBC For studying the global IR pattern between CLL vs NBC, the RNA-Seq data obtained from EGA
was processed for analysis after alignment with the reference genome hg19. The transcripts with >0 TPM values were selected if those were detected in at
least 60% of the population. A comparative analysis of IR between different CLL Cells subtypes vs NBC was done. Further biological pathways and molecular
function were studies using PANTHER. A SF3B1 centric sub-network was constructed to study if there are involvements of genes/transcripts involve in RNA
splicing. A selected number of transcripts to show IR was validated using cDNA derived from CLL cells and NBC (synthesized from total RNA treated with
DNaseI to remove the DNA contamination) after subjecting to RT-PCR followed by agarose gel electrophoresis. SF3B1 and pSF3B1 pro�ling was done after
IgM stimulation of CLL and NBC. Further, the effect of macrolide PLAD-B and �udarabine (F-ara-A) was studied in vitro on CLL cells after treatment for
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different time-points. The protein was isolated after cell lysis and after SDS-PAGE, the protein was transferred on the membrane for detection of SF3B1,
pSF3B1, and loading control (β-actin).

Figure 2

RNA sequencing analysis for global intron retention in CLL versus normal B cells and correlation with transcript expression

RNA-Seq analysis was conducted on sequences obtained from the EGA data derived from CLL samples (n=97 including high risk=41, low risk=56) and normal
B cells (n=9 from healthy controls in triplicate). (A-E) Volcano plot displaying the differential intron retention log2 ratios TPM (intron/exon) between (A) CLL-B
cells and NBC (CLL-B vs NBC). The scatter plot shows 14811 transcripts for intron retention between CLL-B cells versus NBC. (B) CLL-B cells carrying Mut-
SF3B1 and NBC (Mut-SF3B1 vs NBC). (C) CLL-B cells carrying Wt-SF3B1 and NBC (Wt-SF3B1 vs NBC). (D) CLL-B cells carrying Mut-SF3B1 and CLL-B cells
carrying Wt-SF3B1 (Mut-SF3B1 vs Wt-SF3B1). (E) CLL-B cells carrying Mut-IgVH and CLL-B cells carrying Wt-IgVH (Mut-IgVH vs Wt-IgVH). The bottom black line

represents the diagonal regression line where intron retention ratios are equal both samples compared. (F) Further, the data was presented in form of a
quadrant between CLL-B cells versus NBC to show the distribution of ratio of intronic and exonic TPM values for 14811 transcripts.
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Figure 3

The correlation between intron retention and transcript expression in various cell types

(A) 16725 transcripts that were accumulated differentially used-intron respectively in CLL (set-I) and NBC (set-II) at p<=0.05 (FDR=5%) and among those the
three subsets each of the set corresponding to over-expressed (set-IA, set-IIA), under-expressed (set-IB, set-IIB) and non-differentially-expressed (set- IC, set-IIC)
transcripts consequently found in CLL and NBC at p<0.05 (FDR=5%). The Chi-square p-value for the 2x3 table is <=1.0e-300. The bar graph represents two sets
of bars, each for a fraction of high intron-used in CLL (set-I) and NBC (set-II) cases. It is associated with upregulated (set-IA, set-IIA) and downregulated (set-IB,
set-IIB) at transcription level. The 2x2 contingency table shows signi�cant p-value < 1.0e-300 and ODDs=886. (C) The Heatmap Z-scores of TPM values for
sample-wise intron retention in NBC and CLL from each of the top 200 transcripts selected based on high intron retention in CLL with ful�lling condition CLL >
NBC at p<0.05; FDR=5%. (D) The Heatmap Z-scores of TPM values for sample-wise transcripts expression in NBC and CLL from each of the top 200
transcripts selected based on high intron retention in CLL with ful�lling condition CLL > NBC at p<0.05; FDR=5%.



Page 17/20

Figure 4

Biological Pathway, Molecular functions, and Network analysis based on intron retention

For biological pathway analysis, we took top 25% transcripts with high intron retention in CLL as compared with normal B cells (p<0.05, FDR=0.1). The gene
symbols for corresponding transcripts were used as input and subjected for Reactome Pathway. The p-value was adjusted using a Bonferroni correction. The
X-axis shows the % of the genes enriched and Y-axis shows the description of

the pathways. (B) Molecular function analysis was done for top 25% of transcripts with high intron retention CLL/NBC Network analysis by selecting
transcripts with high intron retention in CLL as compared with normal B cells using WebGestalt. The height of the bar represents the % of genes observed in
the category. (C) Subnetwork centered on SF3B1 and its �rst neighbors. The SF3B1 centered subnetwork was based on Reactome FI network database and
cytoscape V3.4 was used to identify the �rst neighbors of SF3B1. Nodes and links represent genes and functional interactions, respectively. The color of each
nodes scale with log2 intron retention ratio in CLL cells vs NBCs as indicated in the scale at the bottom.
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Figure 5

Selection and validation of transcripts for intron retention using RT-PCR

(A) RNA-Seq read mapping of the CTLA4 gene from the UCSC reference genome (hg19), six representative samples belonging to high or low-risk CLL cells, or
normal B cells are shown. The intron retention tracks are shown in green (for normal B cells), blue (low-risk CLL), and red (high-risk CLL) colors. It is clear that
the reads map to the intronic region of CTLA4 transcript as annotated in the UCSC database. The absolute read counts for each sample are indicated on the y-
axis. (B) The TPM ratios of CLL/NBC for intron and exon are shown for the transcripts selected for validation. RNA was isolated from pure CLL-B cells or NBC
and after DNase I digestion cDNA was prepared. Selected intronic region for assessment of intron retention were ampli�ed using RT-PCR for PPP2R5B, ADTRP,
RPL39L, HS3ST1, CTLA4, FMOD, and GUCY2C transcripts. GAPDH were used as controls for normalization/loading of RNA.
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Figure 6

Effect of IgM stimulation on SF3B1 and pSF3B1 expression in normal and CLL cells

(A) Normal B cells or CLL-B cells were thawed and overnight incubated at 37oC. Cells were surface stained using CD19/CD5 (CLL-B cells) or CD19/CD20
(Normal B cells) followed by intracellular staining using anti-SF3B1 and anti-

phospho-SF3B1 antibodies for total and phospho-SF3B1 protein using �ow cytometry. (B) Normal B cells or CLL-B cells were thawed and overnight incubated
at 37oC. Cells were stimulated with Anti-IgM (10 µg/ml) for 15 minutes. Post-surface staining using CD19/CD5 (CLL-B cells) or CD19/CD20 (Normal B cells),
cells were subjected for intracellular staining using anti-SF3B1 and anti- phospho-SF3B1 antibodies for total and phospho-SF3B1 using �ow cytometry. All the
samples were run in duplicate and the data is presented with the means and their respective SD. Statistical signi�cance was determined by using Bonferroni
correction test for multiple comparison test, where *, **, ***, **** represent p < 0.05; p<0.01, p < 0.001, and p < 0.0001 respectively. (C) A total of �ve million
CLL-B cells were incubated overnight and treated with 100 nM of Pladienolide-B (PLAD-B) or 10 µM of Fludarabine (F-ara-A) for 15, 60 and 180 minutes. Post-
incubation of splicing modulators or chemotherapy, cells were harvested and lysed using modi�ed RIPA. A total of 200 µg of protein was run on SDS-PAGE
and subjected for western blot. Antibodies against SF3B1, and phospho-SF3B1 were used for assessing total and phospho-SF3B1 levels. β- actin was used as
a loading control, while cells incubated in media only were used as the negative control (-).
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