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SUMMARY
Mutations in SF3B1, which encodes a spliceosome component, are associated with poor outcome in
chronic lymphocytic leukemia (CLL), but how these contribute to CLL progression remains poorly
understood. We undertook a transcriptomic characterization of primary human CLL cells to identify
transcripts and pathways affected by SF3B1 mutation. Splicing alterations, identified in the analysis of
bulk cells, were confirmed in single SF3B1-mutated CLL cells and also found in cell lines ectopically
expressing mutant SF3B1. SF3B1 mutation was found to dysregulate multiple cellular functions including
DNA damage response, telomere maintenance, and Notch signaling (mediated through KLF8 upregu-
lation, increased TERC and TERT expression, or altered splicing of DVL2 transcript, respectively).
SF3B1 mutation leads to diverse changes in CLL-related pathways.
Significance

SF3B1 encodes an RNA splicing factor and is among the most frequently mutated genes in CLL; however, mechanistic
insights into its role in the oncogenic process are lacking. We report a comprehensive transcriptomic analysis of CLL
bulk and single cells, coupled with functional examination, to investigate the impact of mutated SF3B1 on CLL-asso-
ciated pathways. Our analyses suggest that SF3B1 mutation induces subtle but broad changes in gene expression and
splicing across multiple pathways including DNA damage, Notch signaling, and telomere maintenance. We found that
SF3B1 mutation modulates DNA damage response through KLF8 upregulation and increases Notch signaling through
altered splicing of DVL2. Our studies point to diverse mechanisms by which RNA splicing factors can affect cancer
phenotype.
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INTRODUCTION

Large-scale cancer-sequencing efforts have enabled the dis-

covery of paths to carcinogenesis. In chronic lymphocytic

leukemia (CLL), these initiatives unexpectedly led to the identifi-

cation of highly recurrent mutations in SF3B1, which encodes a

key component of the spliceosome, at restricted sites (50% at

K700E), implicating a role of altered RNA splicing in CLL (Ques-

ada et al., 2012; Rossi et al., 2011; Wang et al., 2011). Mutated

SF3B1 has been associated with adverse clinical outcome in

CLL and has a higher incidence in refractory CLL (Jeromin

et al., 2014; Landau et al., 2015). However, mechanistic insights

into downstream paths affected bymutatedSF3B1 and its role in

the oncogenic phenotype are still unclear.

SF3B1 isanessential componentof theU2small nuclear ribonu-

cleoprotein particle (snRNP), which interacts with branchpoint se-

quences close to 30 splice sites during pre-mRNA splicing (Chen

and Manley, 2009). The critical function of SF3B1 in pre-mRNA

splicing leads to the hypothesis that SF3B1 mutations contribute

to CLL through the generation of alternatively spliced transcripts.

A variety of previous studies have identified splicing alterations

associated with mutated SF3B1 in CLL (Alsafadi et al., 2016;

Darman et al., 2015; DeBoever et al., 2015; Ferreira et al., 2014;

Kesarwani et al., 2016), but the breadth of its functional impact

onCLLbiology has remained elusive. The study of SF3B1 function

has been complicated by difficulties in the genetic manipulation

of humanB cells and the complex biology associatedwith altering

an essential component of the splicing machinery.

In the current study, we set out to examine the functional

impacts of SF3B1 mutations by overcoming these challenges.

RESULTS

Mis-Splicing in CLL Samples with SF3B1 Mutations Is
Enriched for Alternative 30 Splice Sites
Given the key role of SF3B1 in pre-mRNA splicing, we hypothe-

sized that features of altered splicing associated with this recur-

rently mutated gene could provide mechanistic insights into the

functional impact of this putative CLL driver. We therefore per-

formed RNA sequencing (RNA-seq) from poly(A)-selected RNA

of 22 CLL samples and combined these results with a published

set of 15 CLL RNA-seq data (Ferreira et al., 2014) to yield a total

of 13 and 24 cases with and without the SF3B1 mutation,

respectively. Thirteen of 37 cases (4 of 10 SF3B1-mutated cases

with known IGHV status) had unmutated IGHV. Of the nine

samples with cancer cell fraction data available, five had clonal

and four had near-clonal (cancer cell fractions of 60%–90%)

SF3B1 mutations (Table S1).

To identify and classify altered splicing events associated with

SF3B1 mutation, we applied the tool JuncBASE (Brooks et al.,

2011). We also used JuncBASE to detect unannotated alterna-

tive splicing and calculate a ‘‘percent spliced in’’ (PSI) value for

each individual splicing event to quantify the inclusion of an

alternative exon relative to the total abundance of all isoforms.

Unsupervised hierarchical clustering of the samples based on

the top 25% most variable splicing events among the 37 CLL

cases revealed clustering of CLL cases with SF3B1 mutations,

separate from SF3B1 unmutated samples; however, batch

effects were observed (Figure S1A).
To account for these batch effects, we implemented a permu-

tation-based approach in the JuncBASE package to identify

robustly altered splicing events associated with SF3B1 mutated

samples (Experimental Procedures). We found pervasive

changes in 30 splice site selection as observed by a large skew

toward lower p values in a Q-Q plot (Figure 1A). To a lesser

extent, SF3B1 mutations also were associated with changes in

other types of alternative splicing (e.g., alternative 50 splice sites,

cassette exons) (Figure S1B). Although significant splicing

changes (p < 0.05) were consistent among SF3B1-mutated

CLLs, the majority of changes were subtle, such that 65%

showed a <10% difference in the median PSI value (DPSI) of

SF3B1 wild-type (WT) and mutated samples (Figure S1C, Table

S2). When randomly sampling 13 versus 24 cases, 92% of DPSI

values were <10%, supporting a difference in PSI of > 10% as an

appropriate cutoff to identify alterations with stronger effects

(Figure 1B).

Because altered splicing may generate splice variants that

could in turn affect cellular circuitry, we focused on splicing

changes most strongly associated with SF3B1 mutation (false

discovery rate < 10% and DPSI > 10%), resulting in 304 splicing

changes (Table S2). As expected, there was a significant differ-

ence in the types of alternative splicing events strongly associ-

ated withSF3B1mutation compared with highly variable splicing

events among samples withoutSF3B1mutation (p < 0.0001, Fig-

ure 1C). CLL samples without SF3B1mutation had PSI values for

these splicing events similar to normal B cells from seven healthy

donors, further indicating that these splicing alterations are

specific to SF3B1 mutation and not a general feature of CLL

(Figures 1D and S1D). We observed a bias in the distance be-

tween the canonical to alternative 30 splice sites associated

with SF3B1 mutation. In addition, branchpoints used in SF3B1

WT conditions (Mercer et al., 2015) were found to map at or

<10 nt from the aberrant 30 splice site (Figure 1E), and we

observed A’s enriched upstream of the aberrant 30 splice site

(Figure S1E), suggesting altered branchpoint usage in the pres-

ence of SF3B1 mutation, as recently described (Alsafadi et al.,

2016; Darman et al., 2015; DeBoever et al., 2015). Of four

randomly selected candidate SF3B1mutation-associated splice

variants (GCC2, MAP3K7, TPP2, ZNF91), all were validated as

present by quantitative real-time RT-PCR in ten independent

CLL samples, but not in 11 WT SF3B1 CLL samples (Table S1,

Figure 1F).

SF3B1 Mutation Causes Alternative Splicing
To confirm the effects of SF3B1 mutation on RNA splicing,

we cloned full-length WT and K700E-mutated SF3B1 using

codon-optimized cDNA sequences (GenBank: KX881377).

Overexpression of these constructs in the hematopoietic cell

line K562 revealed SF3B1 expression within the cell nucleus,

demonstrating that mutation does not affect the nuclear local-

ization of SF3B1 (Figure 2A). N-terminal tagged, but not C-ter-

minal tagged, mutated SF3B1 appropriately bound to other

protein components of the U2 snRNP (Figures 2B, S2A, and

S2B). Hence, mutated SF3B1 still interacts with its binding

partners, suggesting its ability to participate in pre-mRNA

splicing.

Following the introduction of these full-length expression

constructs into cell lines including K562, HeLa, U2OS, JeKo-1,
Cancer Cell 30, 750–763, November 14, 2016 751



Figure 1. SF3B1 Mutation Is Associated with Alternative Splicing at 30 Splice Sites in CLL

(A) Q-Q plots comparing observed empirical values with expected p values between SF3B1wild-type (WT) and mutated (MT) CLL identified through the analysis

of bulk poly(A) selected RNA-seq from 37 CLLs. Red line, the least-squares linear fit to the lower 95 percentile of points with slope l. Gray-shaded areas, 95%

confidence intervals for the expected distribution.

(B) Frequency of DPSI from random comparisons (top) or significant splice changes (middle, p < 0.05) from the RNA-seq data above and volcano plot of DPSI

versus log10(p) of all splicing changes (bottom). Red dotted lines, thresholds of DPSI of 10%. Blue dots, significant splicing events.

(C) Categories of alternative splicing within the 304 splice events significantly associated with mutant SF3B1 in CLL versus the 304 most variable alternatively

spliced events in WT CLL from bulk poly(A) selected RNA-seq.

(D) Heatmap of the top 40 alternatively spliced events with the highest DPSI between CLL samples with mutant (n = 13) and WT (n = 24) SF3B1. Expression of

splice variants fromRNA-seq analysis of CD19+ selected B cells from seven healthy adult volunteers indicated, alongwith RNA-seq batch labels, SF3B1mutation

type, and clonality status. Right: DPSI for each splice event.

(legend continued on next page)
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Figure 2. Expression of Mutant SF3B1 Causes Alternative Splicing
(A) Schematics of WT and K700E MT SF3B1 expression constructs (top) and immunoflourescence staining of FLAG-tagged SF3B1 in K562 cells that were

nucleofected with SF3B1 constructs (bottom).

(B) Cell lysate from HeLa cells overexpressing either WT or MT SF3B1 was immunprecipated with anti-FLAG antibody and probed with anti-SF3B1 antibody.

(C) FLAG-tagged mutant and WT SF3B1 protein were transiently expressed in HEK293T cells and detected by immunoblotting.

(D) Expression of alternative splicing associated with SF3B1mutations in transfected K562 cells (left, n = 4 for each group) and in isogenic Nalm-6 cells (right) was

assessed with qRT-PCR assays.

(E) Analysis of bulk poly(A) selected RNA-seq of K562 cells expressing SF3B1-K700E. Top panel- Q-Q plot of alternative 30 splice sites between empirical p value

of observed and expected spliced events. Lower panel, volcano plot of DPSI in relation to significance between WT and mutant SF3B1 overexpression in K562

cells for each splicing events. Red dots, significantly differentially spliced events also identified in the primary CLL analysis.

See also Figure S2.
and HG3, and also primary B cells, we observed expression of

mutated SF3B1 protein over 24–72 hr (Figure 2C), which was

associated with upregulation of splice variants identified from

the aforementioned bulk RNA-seq analysis (Figure S2C, Table

S2). For example, K562 cells transfected with the SF3B1-

K700E expression construct revealed a more than 10-fold in-

crease in candidate splice variant expression compared with

cells expressing WT SF3B1 (p < 0.0001; Figure 2D). Likewise,

expression of altered splice variants was observed in isogenic

Nalm-6 cells, gene-edited at the endogenous SF3B1 locus to

express SF3B1K700E or SF3B1H662Q but not in matched control

(SF3B1K700K) cells (p < 0.0001; Figure 2D) (Darman et al.,

2015). JuncBASE analysis of RNA-seq data from K562 cells

expressing mutant SF3B1 showed pervasive altered 30 splice
site use, and enrichment of the same splice variants observed

in primary CLL samples (35 events, chi-square test, p <

0.0001) (Figures 2E and S2D, Table S3). Altogether, these results
(E) Left: density plot of the positions of cryptic AGs relative to their canonical spli

(non-GAG trimer) from all RefSeq canonical 30 splice sites. Right: relative positions
in nucleotides (nt) of the BP to the cryptic AG (upstream positions are negative d

(F) Validation of RNA-seq analysis through qPCR of selected significantly altered s

See also Figure S1.
link SF3B1 mutation with the generation of splicing changes in

CLL, either through direct or indirect interactions.

Single CLL Cells with Mutated SF3B1 Demonstrate
Altered Splicing
We confirmed the association of SF3B1 mutation with splicing

through the analysis of single cells. We adapted a sensitive mi-

crofluidics-based approach that uses multiplexed targeted

amplification of RNA to simultaneously detect expressed genes,

somatic mutations, and alternative splicing within a single cell

(Supplemental Experimental Procedures). Assays for targeted

detection of specific SF3B1 WT versus mutant alleles in single

cells were generated. In this manner, we confirmed the associa-

tion of mutation in SF3B1 with altered splicing through the

analysis of hundreds of single cells within each sample. By

bulk analysis, the SF3B1-G742D mutation was estimated to be

present in 15% of the sample population of CLL096, while the
ce sites in SF3B1 mutant samples, compared with the distance to the first AG

ofmapped branchpoints (BP) (n = 16) fromMercer et al. (2015). x axis, distance

istances); y axis, the frequency of BP found at that position.

pliced events in independent CLL samples (11 withWT and 10withMT SF3B1).

Cancer Cell 30, 750–763, November 14, 2016 753



Figure 3. Single CLL Cells with SF3B1 Mutation Express Alternatively Spliced RNAs

(A) Example of SF3B1mutation call in single normal B cells and from CLL cells from samples with either subclonal (CLL096) or clonal (CLL032) SF3B1mutation.

Log2 transformed expression of mutant versus WT SF3B1 alleles are plotted, with each dot representing one single cell. Purple, cells identified to be SF3B1WT;

orange, cells inferred to be SF3B1 mutant; gray, cells with ambiguous calls.

(B) Expression of alternative versus constitutive transcript relative to total expression of the genes MAP3K7, ZNF91, and GCC2 from single cells of sample

CLL096.

(C) Frequency of mutations in SF3B1 at different mutation sites from a recent study of 538 CLL samples (Landau et al., 2015). Yellow shading, heat repeat region;

blue, mutation sites reported previously from the COSMIC database.

(D) Single-cell profiling of splice variant expression across five SF3B1 mutations from six CLL samples (one cell per column). Expression of the alternative

transcript relative to total gene expression in 24 selected genes, identified from the bulk poly(A) RNA-seq analysis, was scored along with three control genes.

Orange and purple bars indicate cells with and without mutation, respectively.
SF3B1-K700E mutation was nearly clonal (>84%) in sample

CLL032. We established background expression thresholds us-

ing 96 single CD19+ B cells from a healthy adult with no SF3B1

mutation (Figure 3A, Table S4). Consistent with the bulk esti-

mates, 44 of 367 (12%) CLL096 single cells were positive for

SF3B1-G742D, whereas 215 of 288 (75%) CLL032 single cells

were positive for SF3B1-K700E. Assays for detection of consti-

tutive and alternative forms ofMAP3K7, ZNF91, andGCC2 tran-

scripts (identified as significantly alternatively spliced from the

bulk analysis) were also generated for single cells. In the single

cells with mutated SF3B1 from CLL096, we observed signifi-

cantly higher levels of the altered SF3B1 mutation-associated

splice variants (Figure 3B, Table S4).

To explore if other SF3B1 mutations result in a spectrum of

altered splicing similar to K700E, we examined 845 cells from

six patient samples across five different SF3B1 mutations using

45 splice variant assays (Table S4). For 4 of 5 mutations (E622D,

K666Q, K700E, and G742D), we observed highly similar patterns

of significant altered splicing (p < 0.05) for 24 of 45 splice vari-

ants. The one SF3B1 mutation (Q903R) positioned farther from
754 Cancer Cell 30, 750–763, November 14, 2016
the mutation-enriched region (but still in the HEAT repeat

domain) did not exhibit increased alternative splicing for the

selected K700E mutation-associated variants (Figure 3C and

Table S1). Splicing events not found to be associated with the

SF3B1-K700E mutation also did not show splicing changes for

other HEAT repeat mutations, supporting the idea that the

shared splicing events are specific to SF3B1 mutation rather

than a generalized splicing defect in CLL.

Preferential 30 Splice Site Alterations in SF3B1 Mutated
Samples Are Also Observed in CLL Total RNA
Since SF3B1 acts on pre-mRNA and splicing can occur co-tran-

scriptionally in advance of polyadenylation, the full effects of

SF3B1 mutation on splicing may be masked by sequencing of

only fully processed and stable mRNAs. We therefore examined

the transcriptome changes of non-poly(A)-selected total RNA

by RNA-seq from three WT and three SF3B1 mutated samples,

using an rRNA depletion method (Adiconis et al., 2013; Levin

et al., 2010). Three of six samples (one WT and two SF3B1

mutated) were included in the aforementioned poly(A)-selected



Figure 4. Affected Genes Associated with SF3B1 Mutation in CLL Samples

(A) Q-Q plots of alternative 50 and 30 splice sites between empirical p value of observed and expected spliced events from RNA-seq analysis of CLL total RNA

libraries.

(B) Heatmap visualizations of significantly differentially expressed genes (batch corrected, adjusted p value < 0.2) between CLL samples with or without SF3B1

mutation derived from poly(A) selected RNA. The barplot at the right shows the average log2 fold expression difference between the two conditions.

(legend continued on next page)
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RNA-seq analysis (Table S1). From the total RNA libraries, the

number of mapped paired reads (median of 27 million) was

comparable with those of the poly(A)-selected libraries (median

of 25 million) (Figure S3A, left). However, 55% of reads from

sequenced total RNA mapped within introns compared with

28% from the same RNA sample processed by poly(A) selection,

consistent with the increased sequencing of pre-mRNA from

these libraries (Figure S3A, right). We again observed an enrich-

ment of 30 splice site changes associated with SF3B1 mutation,

further supporting the idea that this effect is unlikely due to a bias

in the stability of fully processed mRNAs (Figure 4A, Table S5).

Sequencing data from total RNA provided an opportunity to

directly investigate branchpoint usage when SF3B1 is mutated

by identifying reads derived from spliced lariats that spanned

the branchpoint (Taggart et al., 2012). As expected, since we

did not enrich for spliced lariats (Mercer et al., 2015), we only

identifiedbranchpoint support for three events thatweredifferen-

tially spliced in the presence of SF3B1mutation and 14 in a set of

control splicing events after stringent filtering (Experimental Pro-

cedures, Table S5). For the event inGCC2where cryptic 30 splice
site use was observed upstream of the annotated splice site in

SF3B1mutated samples, there were 11 lariat reads among three

SF3B1 mutated samples supporting upstream alternative

branchpoint usage and four lariat reads supporting downstream

branchpoint use compared with two branchpoint positions iden-

tified in anSF3B1WTsample (Table S5). Improved genome-wide

approaches to enrich for branchpoint spanning reads in SF3B1

mutated sampleswill providemore conclusive evidence of differ-

ential branchpoint usage.

SF3B1 Mutation Impacts Multiple Cellular Pathways
To investigate the global effects of SF3B1 mutation on cellular

processes in CLL, we examined whether coherent changes in

cellular pathways could be observed in samples with SF3B1mu-

tation compared with those without the mutation. We identified

1,963 and 327 significantly differentially expressed genes (batch

corrected, adjusted p value <0.2) between these two groups

through analysis of the poly(A) and total RNA libraries, respec-

tively (Figures 4B and 4C, Table S6). Differentially expressed

genes from the total RNA data exhibited similar trends and

directionalities in matched poly(A) data (Figure 4C) and vice

versa (Figures S3B–S3D). Ninety-nine of 327 genes from the total

RNA libraries overlapped with differentially expressed genes

identified from the poly(A)-selected libraries (Figure S3E). In

addition, 25% of significantly differentially expressed genes

were found in common between the primary CLL datasets and

with previously reported data from the Nalm-6 lines (Darman

et al., 2015).
(C) Left: visualization of the 327 significantly differentially expressed genes (batc

from one sample of normal CD19+ B cells, two SF3B1 wild-type samples, and thr

from RNA-seq data prepared from poly(A) selected libraries of matched CLL sam

(D) TERC expression in CLL samples with SF3B1 mutation from RNA-seq

(red line) ± SD; n = 3.

(E) TERC expression was assessed in independent CLL samples with mutant or

(F) TERC and TERT expression was examined in Nalm-6 cells gene-edited to ex

prepared with random hexamers. Red line indicates mean.

(G) Telomerase activity in Nalm-6 cells expressing either SF3B1K700E or SF3B1K700

representative results from one of three experiments.

See also Figure S3.
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We explored the spectrum of non-polyadenylated transcripts

associated with SF3B1 mutation through RNA-seq analysis of

the total RNA libraries. One noteworthy target with significantly

increased expression in mutant SF3B1 samples was TERC, en-

coding an essential RNA component of telomerase. A TERC

transcript could be amplified in total RNA from SF3B1 mutated

samples, but was undetected in the matched poly(A) RNA (Fig-

ure 4D).We validated this discovery in independent CLL samples

(p = 0.0039) using cDNA generated by random hexamers (Fig-

ure 4E). Examination of the Nalm6 isogenic cell lines showed

both K700E and H622Q mutations to lead to upregulation of

TERC and TERT gene expression (Figure 4F). Since TERC over-

expression can increase telomerase activity in activated

lymphoid cells (Weng et al., 1997), and the spliceosome has

been implicated in telomerase RNA processing in yeast (Qi

et al., 2015), we investigated if SF3B1 mutation impacted telo-

merase activity. Indeed, SF3B1K700E Nalm-6 cells had higher

telomerase activity than cell lines with the silent mutation by a

sensitive in vitro PCR-based assay (Figure 4G). Altogether, these

data suggest that mutant SF3B1 may affect telomerase activity

through dysregulated TERC and TERT expression.

To more generally identify possible cellular processes altered

by SF3B1mutation, we performed gene set enrichment analysis

(GSEA) against 1,970 gene sets from MSigDb, and 14 additional

manually curated gene sets from pathways known to be altered

in CLL. From the 1,963 differentially expressed genes from the

poly(A) RNA-seq data, we identified 180 significantly upregu-

lated and 37 downregulated gene sets (q value < 0.1), with

enrichment across diverse cellular processes related to cancer

and CLL (Table S7). Likewise, GSEA of 327 differentially ex-

pressed genes from the total RNA data and of 341 SF3B1muta-

tion-associated splice variants (all q value < 0.1) revealed

involvement in a similar spectrum of diverse cellular processes

(Figure 5A, Table S7).

Signals obtained from bulk analyses reflect only the average

characteristics of a population. Since SF3B1 mutation is com-

monly a subclonal event in CLL (Landau et al., 2013), we as-

sessed the effects of SF3B1 mutation on the transcriptome of

the subpopulation of single cells within CLL cases with mutated

SF3B1 (versus cases with WT SF3B1). We performed whole-

transcriptome amplification and sequencing of up to 96

individual cells per sample from two primary CLL samples with

(CLL032 and CLL096) and two without (CLL003, CLL005)

SF3B1 mutation. We noted a poor ability to directly call SF3B1

mutation status from these data, as SF3B1 expression across

single cells was highly variable (mean SF3B1 expression

870.20 counts ± 1677.15 SD) and lacking in 11 cells. Likewise,

coverage at the SF3B1 mutation site was highly variable and
h corrected, adjusted p value < 0.2) identified from total RNA libraries derived

ee SF3B1 mutant CLL samples. Right: heatmap of the same genes, extracted

ples.

data prepared from either total RNA or poly(A) selected libraries. Mean

WT SF3B1, with cDNA prepared with random hexamers.

press SF3B1K700E and SF3B1H622Q (compared with SF3B1K700K), with cDNA

Kwasmeasuredwith telomeric repeat amplification protocol assay. Shown are



Figure 5. SF3B1 Mutations Affect Genes Involved in Multiple CLL-Associated Pathways

(A) An analysis of overlap of enriched gene sets (all with q value < 0.1) using splice variants and differentially expressed genes associated with mutant SF3B1

derived from total and poly(A) selected RNA libraries. This analysis includes 1,970 gene sets from MSigDb and 14 additional manually curated gene sets. Each

number represents the number of gene sets enriched in the different groups.

(B) Gene expression of single CLL cells from samples with subclonal SF3B1 mutation that were tested in parallel against a panel of 96 genes, encompassing

targets of CLL-associated pathways. Significantly differentially expressed genes associated with expression ofSF3B1mutation in individual cells associatedwith

the DNA damage response and cell-cycle regulation, proliferation and survival, and Notch signaling are shown. Median is represented as a line inside the box.

Lines at the bottom and top of the box represent, respectively, the 25th and the 75th quartile, and lines above and below the box show theminimum andmaximum.

p Values were defined by a two-sided Wilcoxon rank-sum test. ‘‘% zeroes’’ represents the percent of total cells samples with zero expression for that particular

genes.

See also Figure S4.
lacking in the majority of cells from CLL032 and CLL096, such

that we were only able to confidently call SF3B1 mutation in 12

cells. As an alternative, we attempted to infer SF3B1 mutation

status of individual cells based on expression of 59 significantly
30 alternatively spliced isoforms associated with SF3B1mutation

(per bulk RNA-seq analysis) and with detectable expression in

single cells. Still, with this strategy, we could readily distinguish

between bulk samples with or without SF3B1 mutation but
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Figure 6. Functional Assessment of SF3B1-K700E on Cellular Processes in CLL and in Cell Lines

(A) Summary of effects of expressing SF3B1-K700E on six CLL-associated pathways examined in different cell lines. Shaded cell lines and pathways for which

SF3B1-K700E expression appeared to exert a functional change in the cell type evaluated.

(B) Levels of phosphorylated forms of H2AX, ATM, and CHK1 in HeLa cells upon g-irradiation were examined from cells overexpressing WT or mutant SF3B1 for

48 hr. Relative signal intensity was plotted based on ImageJ quantification of bands from the raw image.

(C) Box-and-whisker plots of KLF8 expression in bulk CLL samples with SF3B1 mutation compared with WT SF3B1 derived from the RNA-seq dataset was

plotted (median-center line within box; bottom and top lines of box represent the 25th and the 75th quartile, respectively, while whiskers above and below the box

show the minimum and maximum values).

(D and E) DNA damage response was assessed in HEK293 (D) and Nalm-6 (E) SF3B1K700K cells that were transfected or nucleofected with control or KLF8

expressing constructs upon various doses of g-irradiation, and protein levels of phosphorylated form of H2AX protein expression was quantified using ImageJ.

(F) Nalm-6 SF3B1K700E and SF3B1K700K cells were co-cultured and the percentage of each cell population was assessed daily. Shown is representative data from

two independent culture experiments.

See also Figure S5.
were nonetheless unable to confidently ascertain mutation

status on the majority of individual cells (Figure S4, Table S8).

We therefore used a microfluidics-based targeted gene

expression and SF3B1-mutation detection approach to identify

significant changes in genes associated with pathways impli-

cated by GSEA in single cells. We developed a panel of 96

gene expression assays encompassing target genes across

the diverse affected pathways (Table S9), against which we

interrogated expression of 1,109 SF3B1 WT and mutant single

cells from samples CLL161, 171, 096, or 040. Across the four

samples, single cells with SF3B1 mutation were significantly

associated with changes in genes related to poor prognosis in

CLL and cancer (KLF3, TYROBP, DDIT4, FYN, GNBL2, TRABD,

STAT6, and ZBTB48), apoptosis (BIRC3, BCL2, SH3BP1,
758 Cancer Cell 30, 750–763, November 14, 2016
KLH21, and TIMP1), DNA damage and cell cycle (KLF8, ATM,

FANCD2, CDKN2A, CCND1, CCNE1, TXNIP, RNF130, ANAPC7,

KLF3, LRWD1, SKP2, SERTAD1, and FRK) and Notch signaling

(DTX1) (p < 0.05; Figure 5B and Table S9).

Next we systematically examined evidence of change in other

pathways characterized previously as affected in CLL (Landau

et al., 2013) through overexpression of WT versus mutated

SF3B1 in cell lines or in the isogenic Nalm-6 cells using estab-

lished pathway readout assays. We did not detect any impact

of overexpressed SF3B1 mutation on Wnt pathway signaling,

or on the cell cycle or apoptosis (Figure 6A). Consistent with

the single-cell results, we found evidence of altered DNA dam-

age response with overexpression of mutated SF3B1 in cell

lines. HeLa cells overexpressing mutant SF3B1 demonstrated



greater evidence of DNA damage (Figures 6B and S5A). Since

KLF8, a Kruppel-like transcription factor implicated in tumor

transformation, progression, and DNA damage repair in solid

tumors (Lu et al., 2012), was consistently upregulated in SF3B1

mutated samples at both single-cell (Figure 5B) and bulk RNA

levels (Figure 6C), we tested the effects of overexpression of

KLF8 on this pathway. With overexpression of KLF8 in HEK293

and Nalm-6 SF3B1K700K cells, higher levels of DNA damage

were consistently induced, as detected by gH2AX expression

and attenuated phosphorylation of CHK2 following exposure to

g-irradiation (Figures 6D, 6E, S5B, and S5C). These results sup-

port SF3B1 mutation-associated gene dysregulation as a

contributor to altered DNA response. In the Nalm-6 cell lines,

we consistently observed a subtle growth disadvantage associ-

ated with SF3B1 mutation when in co-culture with the

SF3B1K700K-expressing cells (Figure 6F), although this was not

due to mutation-induced cell-cycle arrest or apoptosis (data

not shown).

SF3B1 Mutation Affects Notch Signaling through a
Splice Variant of DVL2

Using a well-characterized Notch luciferase-reporter-assay sys-

tem (Minoguchi et al., 1997), we detected significantly higher

Notch pathway activation induced across myeloid and lymphoid

cells lines expressing mutated SF3B1 compared withWT SF3B1

when Notch signaling in these cells was activated by co-expres-

sion of an active form of Notch1 (Figure 7A, Figures S6A and

S6B). We confirmed that the observed upregulation of Notch

signaling was not due to changes in activated Notch1 since its

levels were detected at equivalent levels in the cell lines express-

ing either WT or mutant SF3B1 (Figure S6C).

Given these unexpected observations, we considered

whether altered spliced variants associated with SF3B1 muta-

tion could mediate downstream Notch pathway signaling.

Focusing on splicing events in genes involved in Notch

signaling identified from GSEA of splice variants, we identified

an altered splicing event in DVL2 as a promising candidate

target (PSI = 29.6). A core canonical Wnt pathway member,

DVL2 has also been reported previously to negatively regulate

Notch signaling (Collu et al., 2012). Examination of the RNA-seq

level evidence revealed CLL samples with SF3B1 mutation to

exhibit preferential 30 altered splicing between exons 10 and

11 of DVL2, leading to an in-frame 24-amino-acid deletion (Fig-

ure 7B). By RT-PCR of a transcript spanning exons 10 and 11,

we could detect both normal and altered DVL2 transcripts in

K562 cells overexpressing mutated SF3B1 but only the normal

variant in cells overexpressing the WT protein, and this was

confirmed by Sanger sequencing of the constitutive and altered

products (Figure 7C). Moreover, we confirmed higher expres-

sion of altered rather than constitutive DVL2 in Nalm-6

SF3B1K700E and SF3B1H622Q cells compared with Nalm-6

SF3B1K700K cells (Figure 7D).

A more thorough examination of DVL2 transcript expression

across bulk RNA-seq datasets confirmed the strong association

between expression of altered DVL2 transcript and of SF3B1

mutation. Altered DVL2 was absent or minimally expressed

across RNA-seq samples from 693 normal tissues within the

GTEx collection (GTEx Consortium, 2015), 7 normal B cells, or

from 24 CLLs as well as cell lines (K562 and HEK293T) with
WT SF3B1. In contrast, altered DVL2 expression of >10% PSI

was detected in CLLs with mutated SF3B1 or in cell lines overex-

pressing mutated SF3B1 (Figure 7E). We confirmed the higher

expression of the DVL2 splice variant in individual primary CLL

cells with SF3B1mutation compared with those without, despite

equivalent total DVL2 expression between these two cell popu-

lations (Figure 7F). In addition, the protein product of altered

DVL2 was readily identified by immunoblot in the isogenic B

cell lines (Nalm-6 SF3B1K700E, SF3B1H622Q), with overexpression

of the SF3B1-K700E construct in K562 cells, and in primary CLL

samples with SF3B1 mutation but not in those without (Figures

7G, 7H, and S6D). Expression of altered DVL2 at transcript and

protein levels was stable for at least 96 hr following expression

of mutated SF3B1 in cell lines, with similar degradation rates

between altered and WT DVL2 after exposure to the protein

synthesis inhibitor cycloheximide (Figures S6E–S6G).

To directly test whether altered DVL2 dysregulates Notch

signaling, we subcloned DVL2 WT and altered cDNA into

expression vectors (Figures S7A and S7B), and tested if

expression of altered DVL2 could change Notch signaling.

Although the Notch pathway was clearly activated in K562

cells following overexpression of full-length SF3B1-K700E

(Figures S6A and S6B), we focused on developing a reliable

system to interrogate this pathway in a B cell context. We

therefore generated stable B cell lines (from the lymphoma

OCI-Ly1 line) expressing either WT or altered DVL2 or both

through lentivirus-mediated transduction (Figure 8A), and

then activated the Notch pathway through co-culture with

OP-9 cells overexpressing the Notch ligand delta 1 (‘‘OP9-

DL1 cells’’). In the setting of Notch pathway activation, WT

DVL2 repressed Notch signaling, as reported previously (Collu

et al., 2012). In contrast, expression of altered DVL2 markedly

abrogated these repressive effects. Moreover, combined

expression of WT and altered DVL2 also reversed these

repressive effects, suggesting the dominant impact of altered

DVL2 on the WT isoform (Figure 8B). In line with these findings,

expression of the downstream Notch pathway target gene

HES1 was higher in the presence of altered DVL2 and of

combined altered and WT DVL2 than when WT DVL2 was ex-

pressed alone (p < 0.05) (Figure 8C). The impact of altered

DVL2 on Notch pathway activation was independent of an ef-

fect on Wnt pathway signaling, since altered and WT DVL2

demonstrated equivalent potencies for activating the Wnt

signaling (Figures S7C and S7D). Altogether, these data iden-

tify DVL2 as a target of mutated SF3B1 through which alterna-

tive splicing modulates Notch signaling activity.

DISCUSSION

Mutations in transcription factors can wield amultitude of effects

on cancer cells; mutated TP53 is a prototypical example of this

concept (Bieging et al., 2014). Our comprehensive transcriptome

characterization of mutated SF3B1 in CLL, together with the

growing knowledge of the types of transcript alterations arising

from other cancer-associated mutated splicing factors and the

subsequent effects on cellular transformation (e.g., mutated

U2AF1 and SRSF2) (Brooks et al., 2014; Ilagan et al., 2015;

Kim et al., 2015; Park et al., 2016; Shirai et al., 2015) suggest

that mutated splicing factors in cancer may well behave in an
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Figure 7. SF3B1 Mutation Modulates Notch Signaling and Generates Alternative Splicing of DVL2
(A) Nalm-6 SF3B1K700K, SF3B1H622Q, and SF3B1K700E cells were nucleofected with a Notch luciferase reporter along with a GFP-expressing plasmid in the

presence or absence of a Notch1-expressing construct. Forty-eight hours after the nucleofection, GFP-positive cells were isolated, and Notch activity in these

cells was assessed by measuring luciferase activity.

(B) Visualization of the DVL2 transcript from RNA-seq of CLL samples with and without SF3B1 mutation.

(C) Detection of DVL2 transcript using primers that cross exons 10 and 11 with cDNA derived from K562 cells overexpressing the vector control, or the WT or

mutant SF3B1. Sanger sequencing of the two different fragments from mutant samples revealed the same junction as detected in the RNA-seq. The dashed

vertical line indicates the junction of RNA splicing.

(D) DVL2 alternative transcript levels in the Nalm-6K700E, Nalm6 H622Q, and Nalm-6K700K cells.

(E) Expression of the alternative splice isoform of DVL2 mRNA (alt-DVL2) is evaluated in relation to SF3B1 mutation. PSI of alt-DVL2 in RNA-seq data from the

GTEx consortium (693 samples from blood, brain, breast, lung, and colon), 7 samples of normal B cells, 37 CLL samples and K562 and HEK293T cells over-

expressing WT or mutant SF3B1 (median-center line within box; bottom and top lines of box represent the 25th and the 75th quartile, respectively, while whiskers

above and below the box show the minimum and maximum values). Outliers are displayed as points.

(F) Total mRNA or the alternative form of DVL2 expression in single CLL cells with MT or WT SF3B1, using samples and an analysis approach per Figure 3D.

Median is represented as a line inside the box. Lines at the bottom and top of the box represent, respectively, the 25th and the 75th quartile, and lines above and

below the box show the minimum and maximum. Outliers displayed as points.

(G and H) Detection of protein expression of alternative DVL2 in Nalm-6 isogenic cell lines (G) and primary CLL samples with or without SF3B1 mutation (H).

See also Figure S6.
analogous fashion. We now demonstrate that mutated SF3B1

induces hundreds of alterations both through splicing and dysre-

gulated gene expression, with involvement of these RNA

changes across diverse cellular processes previously implicated

in CLL through somatic mutation characterization.

The majority of SF3B1 mutation-associated splicing changes

have been reported previously to create transcripts with prema-

ture stop codons, resulting in truncated proteins or downregula-

tion of gene expression through nonsense-mediated decay

(Darman et al., 2015; DeBoever et al., 2015; Quesada et al.,

2012). We likewise observed numerous splicing changes in

CLL samples with SF3B1 mutations that would cause a frame-
760 Cancer Cell 30, 750–763, November 14, 2016
shift in the resulting protein (69% with out-of-frame changes).

However, of the in-frame splicing alterations, we identified an

alteration in DVL2 that increases Notch signaling, a driving

pathway in CLL (Puente et al., 2011, 2015; Wang et al., 2011).

The Notch pathway was first highlighted as an important CLL

pathway upon the discovery of recurrent frameshift NOTCH1

mutations in 10%–15% of CLL patients from early whole-exome

sequencing (WES) studies (Puente et al., 2011; Wang et al.,

2011). In CLL, somatic NOTCH1 mutations have been cha-

racterized as pathway-activating (Puente et al., 2011) with the

induction of apoptosis resistance (Rosati et al., 2009; Zweidler-

McKay et al., 2005), and have been associated with poorer



Figure 8. SF3B1 Mutation Modulates Notch

Signaling through a Splice Variant of DVL2

(A) Detection of DVL2 expression in OCI-Ly1 B cell

lymphoma cells with stable expression of WT,

altered (ALT), or combined WT and altered forms

(WT + ALT) of DVL2 by immunoblot.

(B) Activation of Notch1 in OCI-Ly1 cells express-

ing different DVL2 isoforms co-cultured with

OP9 or OP9-DL1 cells for 48 hr assessed by

immunoblot.

(C) Expression of the Notch target gene HES1 in

OCI-Ly1 cells described in (A) co-cultured with

either OP9 or OP9-DL1 cells was measured by

qRT-PCR. Red line indicates mean.

See also Figure S7.
prognosis (Puente et al., 2011). Recently, recurrent activating

mutations in the 30 UTR ofNOTCH1 associated with worse prog-

nosis were identified (Puente et al., 2015). Our findings uncover

yet another mode by which Notch signaling is activated in CLL.

Of note, among the 229 of 538 CLL samples with unmutated

IGHV recently characterized by WES (Landau et al., 2015), only

two samples have co-occurring NOTCH1 and SF3B1mutations,

which is significantly less frequent than expected by chance un-

der an assumption of independence (p = 0.012). Our findings

thus support the idea that at least some SF3B1 mutation-

induced splicing changes include ‘‘driver’’ rather than ‘‘passen-

ger’’ transcript variants, and reinforce the notion that multiple

convergent molecular mechanisms can be used by cancer cells

to dysregulate core cancer pathways.

While we focused on the functional effects of alteredDVL2, we

noted several other splice variants in mutated SF3B1 CLLs with

DPSI >10% predicted to be pathway-altering in genes linked to

Notch signaling (e.g., DNAJC3, TRIP12, and HDAC7). Moreover,

our results extend findings from other investigators that have

suggested subtle changes in the DNA damage response by

SF3B1mutation (Te Raa et al., 2015). A number of altered splice

variants in this pathway would be predicted to impose effects on

DNA damage response (CHD1L, GAK, RAD9A, and JMY). Of the

non-polyadenylated transcripts, we found evidence of TERC

overexpression associated with SF3B1 mutation. Finally, we

observed KLF3 and KLF8 as the most consistently differential

expressed genes across the patient samples with SF3B1 muta-

tion. Both genes have been associated with oncogenic transfor-

mation, cell-cycle regulation, DNA damage response, and cell
Cancer
differentiation (Lu et al., 2012; Wang and

Zhao, 2007). Consistent with this, we

observed dysregulated DNA damage

responses in cell lines overexpressing

KLF8. Our aggregate results support the

idea that multiple alterations in transcript

sequence or expression impact CLL in a

concerted fashion across CLL pathways,

and our findings provide rich fodder for

future in-depth functional studies.

We emphasize that the numerous tran-

script-level changes induced by mutated

SF3B1 were subtle overall. The majority

of identified variants from both poly(A)-
selected and total CLL RNA had DPSI values of less than

10%. We focused on spliced transcripts with DPSI >10%, but

we do not exclude the possibility that lowly expressed altered

transcripts could have functional impact. For example, an

altered ATM transcript, previously identified as associated

with SF3B1 mutation (Ferreira et al., 2014), was also found

within our dataset, but with a DPSI of <4% (data not shown).

Regardless of the DPSI cutoff, SF3B1 mutation appears to

exert numerous transcript-level changes on a broad range of

genes at relatively low intensity per gene to modulate CLL

biology. We speculate that this pattern of activity may affect

oncogenesis by allowing the cancer cell to tolerate many

changes, even in essential genes, without drastically affecting

cell viability, hence allowing these changes to be propagated.

At the same time, these broad changes vastly increase the di-

versity of gene expression in the cancer cell and would be

anticipated to enhance its evolutionary capacity. Indeed, this

may explain why mutation in SF3B1 in otherwise normal he-

matopoietic cells, recently described as contributing to clonal

hematopoiesis (Jaiswal et al., 2014; Xie et al., 2014), does not

alone drive cancer in a B cell. However, consistent with

SF3B1 mutation as a ‘‘later’’ or commonly subclonal CLL event

(Landau et al., 2013), mutation in SF3B1 in the backdrop of

other cancer-driving alterations could push the CLL cell toward

a more aggressive phenotype. Recently, another recurrently

mutated splicing factor SRSF2 was likewise observed to

generate multiple subtle changes in splicing (Zhang et al.,

2015), further hinting that this is a general mode of action by

mutated cancer-associated splicing factor genes.
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EXPERIMENTAL PROCEDURES

Human Samples

Heparinized blood samples were obtained from healthy donors and patients

enrolled on clinical research protocols with informed consent, approved by

the Human Subjects Protection Committee of the Dana-Farber Cancer

Institute (DFCI) and at UCSD (CLL Research Consortium). For 21 samples,

SF3B1 mutation status was confirmed by targeted sequencing.

Full-Length SF3B1 Expression Construct and Gene-Edited Cell

Lines

Full-length SF3B1 was constructed as described in the Supplemental Exper-

imental Procedures. In brief, full-length SF3B1 was cloned using a partial

fragment of SF3B1 cDNA (a gift from Dr. Robin Reed, Harvard Medical School)

(Wang et al., 1998), and ligating this to a codon-optimized synthetic fragment

encoding the uncloned region of 414 nucleotides (Blue Heron Biotechnology).

Pre-B Nalm-6 isogenic cell lines expressing either endogenous SF3B1-K700E

(SF3B1K700E), SF3B1-H622Q (SF3B1H622Q), or SF3B1-K700K (SF3B1K700K)

was introduced by AAV-mediated homology (provided by H3 Biomedicine)

(Darman et al., 2015).

Detection of Activity of SF3B1 Mutation on CLL Cellular Pathways

Effects of SF3B1 mutation on CLL cellular pathways were assessed in the

isogenic Nalm-6 cell lines or in HEK293T, HeLa, U2OS, K562, HG3, JeKo-1,

and MEC2 cells by transiently transfecting or nucleofecting vector control,

WT, or mutant SF3B1 constructs, without or with pathway reporters, in the

presence or absence of ligand constructs (Wnt 1, Notch1), depending on the

readout. We also interrogated stable cell lines expressing the constitutive

and/or altered DVL2 transcript on OCI-Ly1 cells with or without co-culture

with OP9-DL1 cells (Holmes and Zuniga-Pflucker, 2009). See Supplemental

Experimental Procedures for more detailed information.

Bulk and Single-Cell RNA-Seq Library Generation and Data

Processing

Bulk and single-cell RNA-seq libraries were generated as described previously

(Landau et al., 2014). Analysis of alternative splicing was performed using

JuncBASE (Brooks et al., 2011) in both bulk and single-cell RNA-seq data. Dif-

ferential gene expression analysis on bulk samples and single cells was

performed using the DESeq2 R package (Love et al., 2014) and SCDE R pack-

age (Kharchenko et al., 2014), respectively. The detailed methods regarding

total and poly(A) RNA library generation, single-cell RNA-seq, analysis of

bulk RNA gene expression, single-cell gene expression, mutation call, and

splice variants are provided in the Supplemental Experimental Procedures.

The CLL and normal B cell sequencing data were deposited in the database

of Genotypes and Phenotypes (dbGaP: phs000435.v2.p1) and the processed

data deposited in GEO (GEO: GSE58889). SF3B1 codon-optimized cDNA

sequences were deposited in GenBank (Genbank: KX881377).

Statistical Analysis

The data in Figures 1F, 2D, 4D, 4E, 7A, and 6D were analyzed using unpaired

two-tailed Student’s t test. p < 0.05 was considered significant. The data in

Figure 8C were analyzed using two-tailed Welch t test.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and nine tables and can be found with this article online at

http://dx.doi.org/10.1016/j.ccell.2016.10.005.
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Figure S1, related to Figure 1. Batch effect and alternative splicing characterization from 37 samples 
used in the study.  
 
(A) Unsupervised hierarchical clustering of 37 CLL samples for analyses of bulk RNA sequencing of bulk 
poly-A selected libraries, with batches and mutation sites indicated.  
(B) Q-Q plots comparing observed empirical p values with expected p values given a uniform distribution 
of differential splicing events between SF3B1 wild-type and mutant CLL samples. Red line - the least-
squares linear fit to the lower 95 percentile of points and the λ is the slope. Grey shaded areas indicate 95% 
confidence intervals for the expected distribution.  
(C) Frequency of PSI changes associated with SF3B1 mutation (top) from RNA-Seq data derived from the 
37 CLL samples, with volcano plots of ΔPSI versus –log10(p) of all splicing changes (bottom).  
(D) Heat map of 304 significantly alternatively spliced events associated with SF3B1 mutation using 
JuncBASE.   
(E) Motif frequency plots for canonical, aberrant, and first non-GAG AGs for 3' splice sites. The motifs are 
given 35 nt upstream of the 3' AG and 3 nt downstream. 
 
Table S1, related to Figures 1. Supplied as an Excel file. Summary of CLL samples used for RNA-Seq 
and validation of splice variant expression.  
 
Table S2, related to Figure 1. Supplied as an Excel file. Altered splice variants significantly associated 
with SF3B1 mutation in CLL samples.  
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Figure S2, related to Figure 2. Expression of SF3B1-K700E using N-terminal-tagged SF3B1 construct 
in different cell lines is associated with altered splicing.  
 
(A, B) Binding of transiently expressed SF3B1 protein with other protein in the U2 snRNA complex was 
examined in HeLa cells. Nuclear extract from the HeLa cells transfected with either N-terminal or C-
terminal tag SF3B1 was immunoprecipitated with an antibody against B” which pulls down the U2 snRNA 
complex (provided by Dr. Robin Reed, Harvard Medical School) (Mattaj et al., 1986), and the 
immunocomplexes were subjected to SDS-PAGE. Immunoblots were probed with antibodies against V5 
and SF3B1 (A), FLAG, SF3B3 and SF3A1 (B), respectively.  
(C) Expression of splicing in GCC2, MAP3K7, TPP2, and ZNF91 was examined using quantitative Taqman 
RT-PCR assays in HeLa, U2OS, JeKo, HG3 and primary B cells that were either transfected or 
nucleofected with either empty vector (control), wild-type or mutant SF3B1 constructs.  
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(D) Heat map of 77 significant alternatively spliced events associated with SF3B1 mutation in transfected 
K562 cells analyzed by JuncBASE. The category of splice variant is annotated by the color panels to the 
left of each heat map, while p value for each individual event is provided on the right-sided tracks. 
 
Table S3, related to Figure 2. Supplied as an Excel file. Altered splice variants significantly associated 
with SF3B1 mutation in K562 cells.  
 
Table S4, related to Figure 3. Supplied as an Excel file. Primer sequences for detection of splice variants 
used in the single CLL cell. 
 

 
Figure S3, related to Figure 4. Comparisons between poly-A selected and total RNA libraries.  
 
(A) Comparison of intronic rate between total RNA and poly-A RNA-Seq libraries from the same sample. 
The intronic rate (right) is the number of reads mapped within annotated introns over the total number of 
mapped reads  (left) in the sample. 
(B) Heatmap of differentially expressed genes identified from RNA-seq of total RNA libraries in samples 
from poly-A selected libraries.  
(C) Heatmap of differentially expressed genes identified from RNA-seq analysis of poly-A selected 
libraries in samples from total RNA libraries.  
(D) Correlation between total and poly-A RNA libraries in 3 CLL samples.  
(E) Visualization of expression of those genes identified as at the intersection between differentially 
expressed genes identified from the poly-A and total RNA libraries. 
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Table S5, related to Figure 4. Supplied as an Excel file. Alternative splicing events significantly associated 
with SF3B1 mutation and with branchpoint support identified from non-poly A selected RNA-Seq.  

 
Table S6, related to Figure 4. Supplied as an Excel file. Genes significantly associated with SF3B1 
mutation identified from poly-A selected and total RNA libraries.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S4, related to Figure 5. Inference of single cell SF3B1 mutation status by splice variants.  
 
The ability of expression of splice variants to enable confident call for SF3B1 mutation status in the single 
cell transcriptome analysis was explored. A trend in which a collection of SF3B1 mutation associated splice 
variants (identified from bulk RNA-seq analysis) generally could, on average, distinguish between single 
cells derived from bulk samples with clonal SF3B1 mutant (CLL032) and wild-type (CLL005, CLL146) 
status. The normalized weighted average alternative splice fraction score for each bulk and single cell 
sample is plotted, such that a score greater than 0 may be interpreted as higher alternative splicing and a 
score less than 0 as lower alternative splicing. Each hollow dot represents a bulk RNA-seq sample and each 
filled dot represents a single cell. Blue dots represent samples or cells known to be SF3B1 wild-type, red 
dots represent samples or cells known to be SF3B1 mutant, and purple dots represent unknown SF3B1 
mutation status. Box plots visualize the distribution of scores with the red bar corresponding to the median. 
Median is represented as a line inside the box. Lines at the bottom and top of the box represent, 
respectively, the 25th and the 75th quartile.  
 
Table S7, related to Figure 5. Supplied as an Excel file. Gene set enrichment analysis of alternatively 
spliced and differentially expressed genes in CLL samples with SF3B1 mutation.  
 
Table S8, related to Figure 5. Supplied as an Excel file. Gene expression associated with SF3B1 mutation 
in the single cells from CLL samples.  
 
Table S9, related to Figure 5. Supplied as an Excel file. Primer sequences for detection of gene expression 
associated with SF3B1 mutation in the single CLL cell. 
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Figure S5, related to Figure 6. Effects of SF3B1 mutation DNA damage pathway.  
 
(A) Protein expression of phosphorylated H2AX, ATM and CHK1 in HeLa cells overexpressing either 
wild-type or mutant SF3B1 at different times after variable dosage of γ-radiation.  
(B, C) Protein expression of phosphorylated H2AX was assessed in HEK293 (B) or Nalm-6 SF3B1K700K 
(C) that overexpress control or KLF8 constructs upon γ-radiation using immunoblot.  
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Figure S6, related to Figures 7. SF3B1 mutation impacts Notch signaling and DVL2 splicing.  
 
(A-C) Notch activity was assessed in K562 cells that were nucleofected with control, wild-type or mutant 
SF3B1 in the presence or absence of a Notch 1-expressing construct. Notch activity was measured either 
with luciferase activity (A) or target gene expression by real-time PCR (B). Expression of activated and 
total Notch1 protein was also assessed from these cells (C).  
(D) Expression of DVL2 was also assessed from K562 cells overexpressing control, wild-type or mutant 
SF3B1 plasmids.  
(E, F) DVL2 alternative form was examined at the RNA and protein level using quantitative Taqman assay 
(E) and immunoblotting (F), respectively. HEK293 cells were transfected with control, wild-type and 
mutant SF3B1. RNA and protein lysate were generated in a time-course starting from 24 to 96 hours after 
transfection.  
(G) Expression of DVL2 was examined from SF3B1K700E cells that were treated with different dosages of 
cycloheximide for 2 to 24 hours.  
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Figure S7, related to Figure 8. SF3B1 mutation impacts Notch signaling through splicing of DVL2.  
 
(A) Schematic map of constructs of normal and alternative forms of DVL2 used in the study.  
(B) Detection of normal and alternative forms of DVL2 in HEK293T cells that overexpress the control, 
normal and altered DVL2 constructs using monoclonal antibody that recognizes N-terminal DVL2.  
(C) Wnt pathway activation was examined in HEK293T (left) and K562 cells (right) that were transfected or 
nucleofected with wild-type and alternative form of DVL2 along with a Wnt pathway reporter. Error bars 
denote mean±SD, n=3.  
(D) Notch pathway activation was assessed in K562 cells that were nucleofected with control vector, or 
plasmids expressing wild-type or alternative DVL2 along with a Notch reporter in the presence or absence 
of Notch1-expressing plasmid. Luciferase activity was examined and fold-induction with Notch1 was 
plotted. Red line indicates mean. 
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Supplemental Experimental Procedures 
 
Sample processing 
Peripheral blood mononuclear cells (PBMC) from normal donors and patients were isolated by 
Ficoll/Hypaque density gradient centrifugation. CD19+ B cells from normal volunteers were isolated by 
immunomagnetic selection (Miltenyi Biotec, Auburn CA). Mononuclear cells were used fresh or 
cryopreserved with FBS 10% DMSO and stored in vapor-phase liquid nitrogen until the time of analysis.  
 
Generation of expression constructs and stable cell lines 
Full-length SF3B1 was cloned using a partial fragment of SF3B1 cDNA (gift from Dr. Robin Reed, 
Harvard Medical School), and ligating this to a codon-optimized synthetic fragment encoding the uncloned 
region of 414 nucleotides (Blue Heron Biotechnology, Bothell, WA). A FLAG tag was added at the N-
terminal of codon-optimized full-length SF3B1, and the FLAG-tagged SF3B1 cDNA was cloned into the 
expression vector pLVX-EF1α-IRES-ZsGreen (Clontech, Mountain View, CA) using the endonuclease cut 
sites of SpeI and BamHI. The K700E mutation was introduced into the codon-optimized full-length SF3B1 
cDNA through site-directed mutagenesis according to manufacturer's instructions (QuickChange Site-
Directed Mutagenesis Kit, Agilent Technologies, Lexington, MA). The constructs were transformed into 
Stbl2 competent bacterium (Life Technologies, Thermo Fisher Scientific Inc, Grand Island, NY) and 
cultured at 30ºC for plasmid DNA extraction. Wild-type DVL2 (clone from OriGene Technologies, 
Rockville, MD) and its altered splice isoform (synthesized by Life Technologies, Grand Island, NY) were 
likewise subcloned into the expression vector pLVX-EF1α-IRES-ZsGreen. The full-length KLF8 
expression construct, in the pCMV6-Entry vector, was purchased from OriGene (RC211273, Rockville, 
MD). 
 
Stable OCI-Ly1 cells that express either wild-type, altered or wild-type+altered DVL2 were generated 
through spin infection with lentivirus. To produce the virus, 293T cells were plated on 6-well plates at 3 × 
105 cells per well in complete DMEM medium with 10% serum and allowed to adhere for 16 hrs. 
Transfections were performed as per manufacture’s instructions with 3 µg of wild-type or altered DVL2 
cloned in pLVX-EF1α-IRES-ZsGreen, 1.5 µg psPAX2, and 0.4ug VSV-G packaging plasmids along with 
12 µl of Lipofectamine ™ 2000 in serum-free Opti-MEM media (Life Technologies, Thermo Fisher 
Scientific Inc, Grand Island, NY). 24 hours following transfection, fresh complete DMEM with 10 % FBS 
was added and the cells were incubated for an additional 24 hours for virus production. Virus supernatant 
was collected and filtered through a 0.45 micron Nalgene syringe filter SFCA (Whatman, Clifton, NJ), and 
concentrated by a size exclusion column (Vivaspin 20 column;  (Satorius, Goettingen, Germany) at 
2200rpm for 15 minutes at 4°C. 0.5 million OCI-Ly1 cells were infected with 100µl concentrated virus by 
spin infection (2200rpm, 90 minutes) at 37°C with a final concentration of polybrene at 8ug/ml. GFP-
positive cells were sorted 5 days after the infection and the stable cell lines were maintained with  more 
than 90% GFP positivity. 
 
Immunofluorescence staining, immunoblotting, and immunoprecipitation  
For immunofluorescence staining of transfected K562 cells, cells were cytospun at 700 rpm for 5 minutes. 
Cells were subsequently fixed in 4% paraformaldehyde in PBS and permeabilized with 100% methanol. 
Cells were stained with primary and secondary antisera as previously described (Bloch et al., 2005), using 
the following antibodies: murine anti-FLAG antibody (F1804, Sigma, St. Louis, MO); rabbit anti-Sf3b1 
antibody (ab66774, Abcam, Cambridge, MA); and species-specific secondary antibodies, conjugated to 
FITC or rhodamine (Jackson ImmunoResearch Laboratories, West Grove, PA).  
 
For immunoblotting, cells were harvested, washed once with phosphate-buffered saline (PBS), and lysed 
for 30 minutes at 4°C with RIPA buffer (Boston Bioproducts, Boston, MA) supplemented with a cocktail of 
protease inhibitors (1 tablet in 10 ml RIPA buffer, Roche, San Francisco, CA). Cell debris was removed by 
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centrifugation at 10,000×g for 5 minutes, and cell extracts were fractionated by SDS-PAGE and transferred 
to Immun-Blot PVDF membranes (Bio-Rad laboratories, Hercules, CA). Membranes were stained with 
primary antibodies and appropriate secondary antibodies, e.g., horseradish peroxidase-coupled goat anti-
rabbit and goat anti-mouse antibodies (Rockland Immunochemicals Inc, Limerick, PA). The bands were 
visualized by using the ECL chemiluminescence Western blotting detection system (GE Healthcare, 
Boston, MA).  
 
Antibodies used in the study include: murine anti-FLAG antibody (Sigma, St. Louis, MO), rabbit anti-β 
actin (ab8227) (Abcam, Cambridge, MA), rabbit anti-DVL2 (3224), anti-Notch1 Val1744 (activated form) 
(4147), anti-Notch1 (total) (3608), anti-ATM Ser1981 (5883), anti-CHK1 Ser317 (2344), and anti-GAPDH 
(2118) antibodies (Cell Signaling (Cell Signaling, Danvers, MA). For some experiments, cycloheximide 
(Cell Signaling, Danvers, MA) was added to cultures prior to the generation of cell lysates. 
 
For immunoprecipitation experiments, nuclear extracts were prepared from HeLa cells 48 hours after 
transfection, as described previously (Das et al., 2006; Mattaj et al., 1986). Immunoprecipitation was 
performed with either U2 snRNP protein- or the murine anti-FLAG antibody, that were coupled to protein 
A (polyclonal) or G (monoclonal) and then covalently crosslinked using dimethylpimelimidate (Sigma 
Aldrich, S). For each sample, 40 µl of nuclear extract was incubated for 20 minutes at 30 ˚C in 0.5 mM 
ATP, 3.2 mM MgCl2, 20 mM creatine phosphate (di-Tris salt), 2 mM PMSF, 2 ml protease inhibitor 
EDTA-free (Roche, Indianapolis, IN). After incubation, reaction mixtures were spun at 4 ˚C for 5 minutes 
at 14,000rpm. Supernatants were then added to the antibody-crosslinked beads and the 
immunoprecipitations were rotated for 2 hours at 4 ˚C and washed 5 times with 1 ml of wash buffer (PBS 
with 0.1% Triton-X). Immunoprecipitated protein complex was boiled in the SDS lysis buffer and resolved 
on NuPAGE 4-12% pre-cast gels (Life Technologies, Grand Island, NY), and the gel was transferred to 
nitrocellulose membranes. Western bloting was performed using rabbit anti-Sf3b1 antibody. 
 
Detection of activity of SF3B1 on CLL cellular pathways 
 
Wild-type and mutant SF3B1 were introduced into K562 (ATCC), HG3 (gift from Dr. Anders Rosen, 
Linkoping University, Sweden) and Jeko cells (ATCC) by nucleofection (Amaxa nucleofector, Lonza, 
Walkersville, MD; V buffer and program T016 for K562 and HG3; V buffer and program X-001 for Jeko). 
The constructs were introduced into HEK293T and Hela cells through transfection using Lipofectamine 
2000 (Life Technologies, Thermo Fisher Scientific Inc, Grand Island, NY) per manufacturer’s 
recommendations. Alternatively, we tested pre-B Nalm-6 isogenic cell lines, in which SF3B1K700K, 
SF3B1K700E or SF3B1H622Q were introduced by AAV-mediated homology. To control for the expression of 
mutant vs wild-type alleles in suspension cell lines, we sorted GFP-expressing cells before performing 
functional analyses. Pre-sorting of cells based on GFP-expression was not performed in transfected 
HEK293T and HeLa cells, since the transfection efficiencies in these settings were consistently high 
(>70%). 
 
Pathway activation was screened using the following methods: (1) Plasmid-based luciferase reporter assays 
(SuperTOP lucierase reporter and Wnt1 expressing plasmid for Wnt signaling (Wang et al., 2014); TP-1 
luciferase reporter Notch 1 expressing plasmid (Aster et al., 2000); (2) Gene expression assays (RNA 
splicing and Notch target gene); (3) Western blot (DNA damage, Notch signaling); (4) Flow cytometry 
based assays (cell cycle, apoptosis).  
 
DNA damage response was assessed in HeLa, HEK293 and Nalm-6 cells. First, HeLa and HEK293 cells 
were plated in 6-well plates 24 hours before transfection with SF3B1 (3µg) or KLF8 (3µg, RC211273, 
OriGene, Rockville, MD) constructs using Lipofectamine 2000 (Invitrogen) according to manufacturer's 
protocol. Next, 48 hours after overexpression, cells were irradiated with different dosage of γ-radiation. 
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Nalm-6 SF3B1K700K cells were nucleofected either with control or KLF8 constructs (10µg) (Amaxa, C-005, 
V buffer, Lonza, Walkersville, MD) along with GFP expressing plasmids; GFP positive cells were sorted 
48 hours after nucleofection. For studies of DNA damage response, cells were treated with γ-radiation and 
cells lysates were generated using the methods described above.  
 
For measuring Notch activity in K562 cells, 3 million cells were nucleofected with SF3B1 (10µg), TP-1 
luciferase reporter (2µg) and pRL-TK (80ng) plasmids, with or without 5µg Notch1 expression plasmid 
(Amaxa, U-017, V buffer, Lonza, Walkersville, MD). In the case of DVL2, 2µg was used in the same 
setting. Flow-sorted GFP cells expressing the constructs were isolated and lysed prior to interrogation in 
downstream assays (ie. for testing for luciferase activity using the Dual-Luciferase Reporter Assay 
(Promega, Madison, MI), for RNA gene expression, or for immunoblotting). Notch activities in the Nalm-6 
isogenic cell lines were similarly measured.  
 
Notch signaling in the stable OCI-Ly1 cell lines was activated through co-culturing with OP9-DL1 cells 
(expressing Notch ligand Delta 1). OP9 and OP9-DL1 stromal cells were cultured in Minimum Essential 
Medium Alpha (Invitrogen), supplemented with 20% fetal bovine serum, 100 U/mL penicillin, 100 µg/mL 
streptomycin, and 1uM L-glutamine (all from Invitrogen), and plated 24 to 48 hours before use in 6-well 
plates to achieve a confluent monolayer of cells. 2.5 million OCI-Ly1 cells were co-cultured with either 
OP9 or OP9-DL1 cells for 48 hours before assessing for Notch pathway activation. Notch target gene 
expression and NOTCH1 protein expression were assessed from the co-cultured OCI-Ly1 cells using qRT-
PCR and immunoblot, respectively. 
 
Detection of RNA splice variants in CLL samples and cell lines 
Total RNA was extracted from normal B, CLL-B, Nalm-6, transfected HEK293T, U2OS cells, or 
nucleofected K562 cells (TRIZOL; Invitrogen, Carlsbad CA). 2 µg of total RNA per sample were treated 
with DNase I (2 units/sample; New England BioLabs, Ipswich MA) at 37°C for 20 minutes to remove 
contaminating genomic DNA, followed by heat-inactivation of DNase I at 75°C for 15 minutes, and then 
used as template to synthesize cDNA by reverse transcription (SuperScript® III First-Strand kit; Invitrogen, 
Carlsbad CA). We designed quantitative Taqman assays to detect the normal and alternative spliced 
transcripts in which probes were localized within the splicing junctions. Gene expression assays for the 
Notch pathway target NRARP (Life technologies, Grand Island, NY) were assayed. All assays were run in 
duplicate using the 7500 Fast System (Applied Biosystems, Carlsbad CA), and all values were normalized 
to GAPDH gene expression. Relative splicing activity was measured by calculating the ratio of alternative 
to normal spliced forms of each target gene.  
 
Bulk and single cell RNA-Seq library generation and data processing 
Total RNA was extracted from primary CLL cells, normal B cells or transfected cell lines (RNeasy Mini 
Kit, Qiagen, Valencia, CA), and assessed for quality and quantity (RNA 6000 Nano LabChip kit on a 2100 
Bioanalyzer, both from Agilent). Poly-A selected RNA-Seq libraries were prepared according to standard 
Illumina protocols. cDNA libraries, except as noted below, were checked for quality and quantified using 
the DNA-1000 kit (Agilent, Santa Clara, CA) on a 2100 Bioanalyzer. Each library was sequenced with the 
Illumina Sequencing Kit v4 on one lane of a Gene Analyzer IIX sequencer to obtain 76-base paired-end 
reads. For six samples, poly-A selected and total (RNase H rRNA)-depleted Illumina libraries were 
prepared from two aliquots of 1 microgram of total RNA with the following exceptions. RNA was 
fragmented using 10x RNA fragmentation buffer (New England Biolabs, Ipswich, MA) for 4 min at 85 
degrees C. SUPERase-In (Life Technologies, Grand Island, NY) was added during the Turbo DNase step to 
minimize RNA degradation. After rRNA depletion, we obtained 39 to 81 nanograms of RNA. After poly-A 
selection, we obtained 5 to 10 ng of RNA. We used 7 and 9 PCR cycles to generate the RNase H and poly-
A libraries, respectively. Libraries were pooled and sequenced on a HiSeq2000 (Illumina) to obtain 101-
base paired-end reads. 
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Single-cell CLL RNA libraries were generated from viable CD19+CD5+ tumor cells that were pre-sorted by 
flow cytometry. Subsequently, the bulk cell concentration was adjusted to 250 cell/ml and applied to the C1 
Single-Cell Auto Prep System for single cell capture with a 5-10 micron chip (Fluidigm, South San 
Francisco, CA). The capture rate was measured at > 80%. Following capture, whole transcriptome 
amplification (WTA) was immediately performed using the C1 Single-Cell Auto Prep System with the 
SMARTer Kit (Clontech, Mountain View, CA) on up to 96 individual cells. The C1 WTA products were 
then converted to Illumina sequencing libraries using Nextera XT (Illumina, San Diego, CA). RNA-Seq 
was performed on a MiSeq instrument (Illumina, San Diego, CA). Reads were aligned to the human 
reference genome (hg19) using TopHat v1.4 with Gencode v12 gene annotations.  
 
Quality control was performed using Picard (http://broadinstitute.github.io/picard/index.html). Lowly 
expressed genes (detected in fewer than 4 cells) were removed prior to SCDE model fitting. Poor cells or 
empty wells (estimated library size < 1x106, mode mapping quality = 0, passed filter aligned bases < 
1.5x108) were also removed from prior to model fitting, resulting in 255 out of 384 single cells. 
 
Analysis of alternative splicing of bulk and single cell RNA-Seq data 
To identify splicing changes significantly associated with SF3B1 mutation, we used JuncBASE. JuncBASE 
identifies and quantifies alternative splicing events and performs differential splicing analysis. To control 
for potential batch effects, we implemented a permutation-based method to find events that were 
differentially spliced between SF3B1 wild-type and mutant CLL samples. This approach performs a 
Wilcoxon rank sum test between PSI values of SF3B1 mutated versus unmutated samples and calculates an 
empirical p value based on the permuted phenotype labels within the same sequencing batch. As PSI values 
are derived from abundance estimates of inclusion and skipping of each alternative splicing event, 
permutations were also performed on these abundance estimates given a beta-binomial distribution. We 
selected splicing events with a Benjamini-Hochberg false discovery rate of 5% and a difference in PSI > 
10% between the median values of wild-type and mutant SF3B1 samples as our most confident set of 
splicing changes. For differential splicing analysis in K562 cells and in total (RNaseH) libraries, a t-test 
between the observed PSI values of SF3B1 WT versus mutant samples was used. 
 
We focused on alternative 3’ splicing events observed in both bulk and single cells, using the inclusion 
junction as the unique identifier to map between single cell and bulk alternative splice variants. We 
computed the PSI for each splice variant in each of the bulk and single cell samples. We used the bulk 
SF3B1 WT samples to gauge whether the inclusion or exclusion isoform is the ‘normal’ isoform: if the 
average PSI among bulk SF3B1 wild-type samples was higher than the average PSI among bulk SF3B1 
mutant samples, the inclusion isoform would be deemed normal and the exclusion isoform deemed 
alternative. In this manner, we calculated the alternative splice fraction for each splice event observed bulk 
and single cell sample. We further computed a weighted average alternative splice fraction for each bulk 
and single cell sample, weighting each alternative splice fraction by the ΔPSI from bulk SF3B1 mutant 
versus wild-type samples. We centered this weighted average alternative splice fraction score using the 
average of bulk SF3B1 mutant and wild-type samples such that a score greater than 0 may be interpreted as 
higher alternative splicing and a score less than 0 as lower alternative splicing.   
 
Variant calling from single cell RNA-Seq data was performed using the Genome Analysis Toolkit (v3.0.0) 
(McKenna et al., 2010) allowing for 2 mismatches, local realignment around indels using the Mills and 
100G gold standard, filtering on dbsnp release (build 138), with VQSR and otherwise default settings. 
Manual inspection using the Integrative Genomics Viewer (IGV) was also used to confirm the absence and 
presence of the expected nucleotide changes in SF3B1 for each single cell.  
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Density plots of the relative positions of alternative splice sites and motif frequency for canonical as well as 
alternative splice sites were performed. For simplicity, events used for detecting the distance between 
alternative 3’ splices sites and sequence motifs were performed using only junction reads and only from 
current 22 DFCI samples. Similar results were found when using the full cohort of 37 samples (22 DFCI 
samples  + 15 ICGC samples (data not shown). 
 
To check for expression of the altered DVL2 isoform across normal tissues, 693 RNA-Seq BAM files were 
downloaded from the GTEx consortium from a variety of tissues including blood, brain, breast, lung, colon. 
We performed JuncBASE analysis to quantify PSI values of DVL2 alternative splicing event across these 
693 samples. From this data, there was no expression of the altered DVL2 isoform above a 10% relative 
inclusion (PSI). We note that CLL RNA-Seq reads were aligned using the same aligner method (TopHat 
v1.4) with the same parameters as reads aligned in GTEx. 
 
Analysis of differential gene expression of bulk and single cell RNA-Seq data 
Differential gene-expression analysis on bulk samples, both poly-A and RNAse-H derived, was performed 
using the DESeq2 R package with SF3B1 mutation status as the model matrix and condition batch labels as 
the covariate with standard settings. We applied a lenient threshold of 0.2 on the p	   value adjusted for 
multiple testing using the Benjamini-Hochberg method to identify 1963 out of 28456 statistically 
significant differentially expressed genes between 24 SF3B1 wild-type and 13 mutant samples.  
 
Differential gene-expression analysis on single cell samples was performed using the SCDE R package 
with standard settings in order to better account for drop-outs and other technical artifacts more common to 
single cell RNA-Seq data. A p value threshold (non-corrected) of 0.05 was applied to identify 326 out of 
63677 differentially expressed genes between 52 SF3B1 WT and 12 mutant cells identified using the 
variant calling method described above.  
 
For gene-set-enrichment analysis, we focused on the C2 curated gene sets and C6 oncogenic signatures 
gene set from MSigDB along with 14 hand-curated gene sets pertaining to DNA damage and cell cycle, 
apoptosis, and Notch signaling (Table S7). To test whether particular gene sets and pathways were 
enriched in our set of differentially expressed genes, we used a custom implementation of the GSEA 
algorithm (Subramanian et al., 2005) on the significantly differential expressed genes ranked by fold 
change.  Similarly, to test for pathway association of genes exhibiting alternative splicing, the significantly 
affected splice variants ranked by absolute ΔPSI. We applied a 10% FDR threshold, empirically estimated 
from gene rank randomization to identify significantly enriched gene sets. To enhance interpretability of 
results, we focused on gene sets associated with positive fold change and positive enrichment scores 
(significantly upregulated) and gene sets associated with negative fold change and negative enrichment 
scores (significantly downregulated).  
 
Single cell targeted mutation, gene expression, and alternative splicing analysis  
Cryopreserved peripheral blood normal CD19+ and CLL-B cells samples were thawed and stained with 
anti-CD19 FITC and anti-CD5 PE antibodies (Beckman Coulter, Indianapolis, IN) and 7-AAD (Invitrogen, 
Grand Island, NY). Live single CD19+CD5+ tumor cells were directly flow sorted into wells of 96-well 
plates with 5µl of a lysis buffer consisting of 10 mM Tris-HCl, pH 8.0; 0.1 mM EDTA; 0.5% NP-40 
(Thermo Scientific, Waltham, MA) and 0.1U/µl SUPERase-In (Life Technologies). Immediately following 
cell sorting, each plate of cells was gently vortexed, spun down, and flash frozen on dry ice. Integrated 
detection of somatic mutations, splice variants and gene expression in the same single CLL and B cells was 
performed on a Fluidigm Biomark instrument (Fluidigm Corporation, South San Francisco CA) using an 
adaptation of a previously reported protocol (Livak et al., 2013). Targeted detection assays were designed 
using a nested design, with outer primers for preamplification and inner primers for qPCR detection. For 
splice variant detection, separate splice-specific primer pairs were designed for the normal splice form and 
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the variant splice form. For mutation detection, separate assays were designed to cDNA sequence for the 
normal allele and the mutation allele. The primer sequences for all of the RNA expression, splice variant, 
and mutation assays are listed in Table S4 and S9. For each patient sample, a 10× Preamplification Primer 
Mix (500 nM each primer) was prepared containing all the outer primers for all the RNA expression, splice 
variant, and mutations assays to be used for that patient. As previously described, single cell cDNA was 
synthesized by adding 1 µL Reverse Transcription Master Mix (Fluidigm 100-6299), preamplified using a 
mix of 2 µL 5× PreAmp Master Mix (Fluidigm 100-5744), 1 µL 10× Preamplification Primer Mix, and 1 
µL H2O, and then processed for qPCR detection. qPCR detection was performed using 96.96 Dynamic 
Array™ IFCs and the Biomark™ HD System from Fluidigm, per manufacturer’s recommendations.  
 
Single	  cells	  were	  deemed	  ‘mutant’	  if	  fractional mutant allele expression was above the expected background 
level; or ‘wild-type’ if fractional mutant allele expression was below the expected background. We did not 
differentiate between homozygous and heterozygous mutants. Expected background level of mutant allele 
detection was determined by linear regression modeling against wild-type allele detection in negative 
controls (i.e. normal B cells, known to not express the mutated allele). We restricted analyses to cells for 
which we could confidently call ‘wild-type’	  or ‘mutant’	  status. For analyses of alternative splicing and gene 
expression in single cells, cells were first binned into classes by mutation status (mutant vs wild-type). For 
RNA expression, the distribution of expression levels was directly compared between the two classes. Cells 
for which less than 10 of 96 assayed genes were detected were deemed as failed cells and omitted. For 
alternative splicing, the distribution of fractional expression of the alternatively spliced allele, defined as 
alternatively spliced allele over total, was compared between the two classes. A two-sided Wilcoxon rank-
sum test is used to assess statistical significance. A non-multiple testing corrected p value threshold of 0.05 
was used to determine significance.  
 
Branch point identification in RNAse H RNA-Seq data 
To identify branch points in RNase-H RNA-Seq data, we applied Mercer’s method which identified lariat 
reads. Lariat reads are reads in which one portion of the read mapped in an intron directly downstream of 
the 5’ splice site and a second portion of the read mapped in an intron near a 3’ splice site. Additionally, 
these portions of the read align in an inverted order. Subsequently, we applied a series of filters to the 
putative lariat reads. We filtered out lariat reads that did not support lariats from an intron of a single gene. 
For all lariat reads, we only considered lariats for which half of the alignment started in an intron within 
2bp of an annotated 5’ splice site.  Some identified lariat reads had exact alignments in which all bases of 
the read aligned and the position of the branchpoint could be determined exactly. Additionally, some lariats 
reads contained overlapping sequence in the middle, and some contained a gap in the middle. For these 
types of lariat reads, we filtered out gapped lariat reads with below 95 bases aligned and we filtered out 
overlapping lariat reads with above 105 bases aligned. Finally, we considered lariat reads with branchpoint 
positions in introns with alternative 3' splice site events with p<0.05 that only had evidence for two splice 
site choices. We considered alternative 3’ splice site events where either a proximal cryptic splice site was 
preferentially spliced in or a distal cryptic splice site was preferentially spliced in. Additionally, we 
considered lariat reads in a set of control introns with alternative 3’ splice site events that had q>0.9. For all 
events, we considered only lariat reads supporting branchpoints at intronic positions within 100bp from the 
3’ splice site. 
 
Detection of telomerase activity 
Telomerase activity in cell extracts was measured using the TRAPeze Telomerase Detection Kit (S7700, 
Millipore, Sigma, Billerica, MA). Each assay mixture included 5 µl of 5× TRAPeze Reaction Mix, 2ul 
γ−32P−ATP, 15.6 µl PCR Grade Water, 0.4 µl of 50× TITANIUM Taq DNA Polymerase (Clontech), and 
2 µl cell extract from 10,000 Nalm-6 cells with or without SF3B1 mutations. Samples were subjected to the 
following cycling parameters using an Applied Biosystems 7300 Real-Time PCR system: 30 min at 30 °C 
(extension of telomerase substrate); 2 min at 95 °C then 45 cycles of 15 s at 94 °C, 1 min at 59 °C and 30 s 
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at 45 °C (PCR amplification of extended telomerase substrate). Internal PCR reaction control was included 
to indicate the amplification efficiency from each reaction. PCR product was subjected to 12.5% PAGE. 
After gel was dried, autoradiography was developed. 
 
 
Taqman assay primers 
All primers were purchased from Life technologies (Grand Island, NY). 

 

 
 
 

  
 

 

 

 
  

Assay Name Assay ID Forward Primer Seq (5'-> 3') 
 

Probe Sequence  (5'-> 3') 
 

ZNF91 altered 
 

AIKALGQ 
 

CCCTGGAATATGAAGCAACATGAGA 
GGCCAAAAGTCTTGAGGAAAATGAG 
 

ATGAACCCACAGTTTTTT 
 

ZNF91 normal AILJJMY 
 

CCCTGGAATATGAAGCAACATGAGA 
GGCCAAAAGTCTTGAGGAAAATGAG 
 

AACCCACAGGTATATGTC 

MAPK7 altered 
 

AIPAD5M 
 

TCTTGTGATGGAATATGCTGAAGGG 
GCAGCAGTATAATATGGCAATGGTT 

AAAGAAAGGCACAAACATT 
 

MAPK7 
normal 
 

AIPAD5M 
 
 

AGTGTGTCTTGTGATGGAATATGCT 
GCAGCAGTATAATATGGCAATGGTT 
 

CCATGCAGCACATTAT 
 

GCC2 altered 
 

AIVI40Q 
 

GAGCTGGAGGCAAGCCA 
TGATGTTATTTCAGCCAGCTGTATCTG 
 

CAAGTAGAAGTCTATAAAATTTAC 
 

GCC2 normal 
 

AIT96UI 
 

GCCAGCAGCAAGTAGAAGTCTA 
GTGGATTTTGTGCTTCTCTGATGTT 
 

CAGCCAGCTGTATTTTA 
 

TPP2 altered 
 

AIWR26Y 
 

CTCCCTGCATAACTTTGAAGAACTG 
CCTAAAGGTTTTGTTTTTGCACTCACT 
 

CACTGCGTTTCCTCATTAC 
 

TPP2 normal 
 

AIX01C6 
 

CTCCCTGCATAACTTTGAAGAACTG 
GGCAAAACATCTCTTGATCCTAAAGGT 
 

CTGCGCCCAGTGAGTG 
 

DVL altered 
 

AIT97YM ATTGTGCTGACTGTGGCCAA 
GGCCTTCACAGCCATCAGGC 

TCCCCCGAACCTATCCAGGTTC 
 

DVL normal AIS09SE 
 

ATTGTGCTGACTGTGGCCAA 
GTAATGGTGCTCATGGAGGA 
 

TCCCCCGAATGAGCCCAT 
 

TERT Hs00972650_m1   
TERC Hs03297287_s1   
NRARP Hs00171172_m1   
HES1 Hs00172878_m1   
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