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ABSTRACT

Cancer-associated mutations of the core splicing
factor 3 B1 (SF3B1) result in selection of novel
3′ splice sites (3′SS), but precise molecular mech-
anisms of oncogenesis remain unclear. SF3B1 stabi-
lizes the interaction between U2 snRNP and branch
point (BP) on the pre-mRNA. It has hence been spec-
ulated that a change in BP selection is the basis for
novel 3′SS selection. Direct quantitative determina-
tion of BP utilization is however technically chal-
lenging. To define BP utilization by SF3B1-mutant
spliceosomes, we used an overexpression approach
in human cells as well as a complementary strat-
egy using isogenic murine embryonic stem cells
with monoallelic K700E mutations constructed via
CRISPR/Cas9-based genome editing and a dual vec-
tor homology-directed repair methodology. A syn-
thetic minigene library with degenerate regions in
3′ intronic regions (3.4 million individual minigenes)
was used to compare BP usage of SF3B1K700E and
SF3B1WT. Using this model, we show that SF3B1K700E

spliceosomes utilize non-canonical sequence vari-
ants (at position −1 relative to BP adenosine) more
frequently than wild-type spliceosomes. These pre-
dictions were confirmed using minigene splicing as-
says. Our results suggest a model of BP utilization
by mutant SF3B1 wherein it is able to utilize non-
consensus alternative BP sequences by stabilizing
weaker U2-BP interactions.

INTRODUCTION

Mutations in the HEAT domains of the core splicing factor
3 B1 (SF3B1) are common in several malignancies including
myelodysplastic syndrome (MDS) (1,2), chronic lympho-
cytic leukemia (CLL) (3), uveal melanoma (4) and cancers
of breast (5), liver (6) and pancreas (7). These mutations are
non-synonymous and mutually exclusive with other splicing
factor mutations (in U2AF1, SRSF2 and ZRSR2) suggest-
ing their role as driver mutations with neomorphic func-
tions (8). Transcriptomic profiling of clinical samples, cell
lines and isogenic murine models have shown that the pri-
mary splicing defect in SF3B1-mutant cells is the use of
novel or ‘cryptic’ 3′ splice sites (3′SS) (9–13). The precise
mechanisms by which mutant spliceosomes alone recognize
these cryptic 3′SS is unclear. Given the purported function
of SF3B1 in stabilizing the interaction between U2 snRNP
and branch point (BP) on the pre-mRNA (14), it has been
speculated that these mutations alter BP utilization and
consequently the 3′SS (10, 15). Genome-wide and targeted
mapping of BP in isogenic SF3B1-mutant cell lines how-
ever failed to reveal novel BP exclusive to SF3B1-mutant
cells (16). Alternate models of novel 3′SS selection without
obligate change in BP have been proposed wherein mutant
spliceosomes overcome steric protection of 3′SS or recog-
nize 3′SS within secondary structures (9,11).

BP utilization in SF3B1-mutant cells is difficult to pre-
cisely determine for several reasons. Computational pre-
diction of vertebrate BP is difficult given lack of clear
consensus sequence (17). BP-containing intronic interme-
diaries (called lariats) are not present in detectable fre-
quencies in routine RNA-Seq libraries to directly deter-
mine BP (16,18,19). Genome-wide analysis of BP (through
isolation and sequencing of lariats) is feasible, but techni-
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cally challenging (18). Finally, total numbers of cryptic 3′SS
(and associated BP) in patient-derived datasets are typically
no >1000 (9–11,15,20) (compared to ∼350 000 3′SS from
the annotated splice junctions in the human hg19 genome
build), which limits their utility in statistical analysis and
computational modeling.

To better define BP in SF3B1-mutant cells we utilized
two experimental systems: one employing overexpression of
mutant versus wild-type SF3B1 in a transformed, human
cell line (HEK293T) and hemizygous Sf3b1-mutant, iso-
genic, murine embryonic stem cells (mESC), generated us-
ing CRISPR/Cas9 gene editing. Isogenic cells offer the ad-
vantage of a physiological gene-dose given the hemizygous
nature of disease-associated SF3B1 mutations. We then
used a massively parallel reporter assay (MPRA) in which
a synthetic minigene library with degenerate sequences up-
stream and downstream of an alternate 3′SS was transfected
in wild-type (SF3B1WT) and mutant SF3B1 (mutated at po-
sition 700 from lysine to glutamic acid, or SF3B1K700E) cells.
Comparative analysis of the minigene transcriptomes re-
vealed key differences in how SF3B1WT and SF3B1K700E

utilize BP sequences. Our results show that while both
SF3B1K700E and SF3B1WT prefer canonical BP, SF3B1K700E

utilizes non-canonical BP sequences (with non-consensus
nucleotides at −1 positions relative to BP adenosine) more
often than SF3B1WT. These data also support a biochemi-
cal mechanism for altered 3′SS wherein SF3B1K700E accom-
modates weaker U2-BP interactions during spliceosome as-
sembly.

MATERIALS AND METHODS

Molecular Cloning, cell culture, transient transfection,
genome editing and next generation sequencing

Codon-optimized Flag-tagged wild-type(WT) and
K700E open reading frames of SF3B1 were cloned
into pCDNA3.1+ (Addgene #82576, #82577 (11)).
HEK293T cells were grown in DMEM media supple-
mented with 10% (v/v) fetal bovine serum (FBS) and
1% (v/v) penicillin/streptomycin. Cells were transiently
transfected with plasmid using Lipofectamine 2000 reagent
(Life Technologies). Briefly, 50 000 cells were seeded per
well of 24-well plate 24 h prior transfection in antibiotic
free media and transfected with plasmid using 7.5 ul of
Lipofectamine 2000. Optimal concentration of SF3B1
plasmid was determined by western blot (Supplementary
Figure S1A and B). For co-transfections of FLAG-SF3B1
and 3′SS library, 2.5 ug total plasmid (250 ng SF3B1
plasmid + 2250 ng of 3′SS library) were used. Cells were
harvested 48 h after transfection to isolate protein or total
RNA.

CCE mouse embryonic stem cells (mESC) were a kind
gift of Dr Mitchell Weiss, St. Jude’s Children’s Hospital,
Memphis, TN, USA) and were cultured on tissue-culture
dishes coated with 0.1% (w/v) gelatin in DMEM media
supplemented with 15% (v/v) fetal bovine serum, 1% (v/v)
penicillin/streptomycin, 1% (v/v) GlutaMAX, 0.4 mM 1-
thioglycerol and leukemia inhibitory factor (LIF). Cells
were transfected with indicated plasmid vectors using Lipo-
fectamine 2000 Reagent. Drug selection was performed

with puromycin (2 �g/ml) for 48 h and Hygromycin-B (250
�g/ml) or Neomycin (350 �g/ml), both for 10 days. mESC
were transfected with 3′SS plasmid library as described for
HEK293T cells.

Guide RNA (sgRNA) (5′GCTCAAGCCCCTATGGA3′)
for targeting mouse Sf3b1 locus was designed using the
Zhang Lab CRISPR design tool (crispr.mit.edu). sgRNA
was cloned into the BbsI restriction site of pX459-V2
((21), Addgene #62988). Repair vectors were generated by
cloning homology arms into the SalI–EcoRI and BamHI–
NotI restriction sites of pL452-Neo (22) and pL452-Hygro
vector was generated by replacing the Neomycin resistance
gene within pL452-Neo with a Hygromycin resistance gene
using BclI and BsmI restriction sites. See Supplementary
Methods for more details.

3′SS minigene library, next generation sequencing and bioin-
formatics analysis

3′SS library has been previously described (23). Preparation
of the next generation library and bioinformatics analysis
are detailed in Supplementary Methods.

Minigene assay and RT-qPCR

Minigene constructs used were based on the original 3′SS
plasmid vector described previously (23). The region includ-
ing two exons of citrine, the single intervening intron and
3′ UTR were PCR amplified and cloned into pCDNA 3.1
(cloning strategy detailed in Supplementary methods). The
base minigene vector had a BP sequence CTAAC placed
29 bp upstream of SA1 and was noted to utilize both SA1
and SA2 (Figure 4A and B). Minigene variants (variations
at −1, −2 and 0 positions with respect to the nucleophilic
adenosine) were constructed from this base vector. Indi-
vidual minigenes were co-transfected with SF3B1 plasmid
(wild-type or K700E) followed by extraction of RNA and
reverse transcription as described for 3′SS libraries above.
For negative control (–RT) no reverse transcriptase was
added. Resulting cDNA was amplified using forward (F1)
and reverse (R1) to detect the splicing isoforms SA1 and
SA2. Both isoform was quantified using isoform specific
primers by qPCR using Sybergreen (KAPA 2X qPCR mix)
in a Bio-Rad CFX real-time PCR machine as per manufac-
turer’s instructions. Analyses were performed in triplicates
and student t-test was used to determine significance. Se-
quences of minigene constructs and DNA oligos are pro-
vided in Supplementary Methods.

Western blotting

For western blotting, cells were lysed in 1× RIPA buffer (10
mM Tris–Cl (pH 8.0), 1 mM EDTA, 0.5 mM EGTA, 1%
(v/v) Triton X-100, 0.1% (w/v) sodium deoxycholate) sup-
plemented with 1× complete mini EDTA protease inhibitor
cocktail (Roche) on ice for 15 min. Equivalent amount of
total cell lysate was loaded on 10-well precast gels (Bio-
Rad). Proteins were resolved for 1 h at 27◦C at constant
100 V. Proteins were then transferred to a methanol precon-
ditioned PVDF membrane on a semi-dry apparatus for 30
min at 27◦C at constant 16V. Immunoblots were performed
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using the indicated antibodies and visualized using Pierce
enhanced chemoluminiscence (ECL) substrate (Life Tech-
nologies). Antibodies and blotting conditions used are de-
tailed in Supplementary Methods.

Statistics

For next-generation sequencing, single minigene libraries
were sequenced per sample. Minigene splice assays for in-
dividual minigenes were performed in triplicates. Student’s
t-test was used to determine P-value where indicated.

RESULTS

SF3B1K700E utilizes upstream 3′ splice sites at higher fre-
quency than SF3B1WT

We implemented a massively parallel reporter assay
(MPRA) using a minigene library with variable 3′SS (23)
to determine differences in splice site competition between
SF3B1WT and SF3B1K700E. This 3′SS minigene library has
two 3′ splice sites (termed SA1 and SA2), of which SA1 is
framed by two stretches of degenerate nucleotides, each 25
bp long (25A and 25B) as shown in Figure 1A. As shown
previously, SA2 is the predominant splice acceptor for most
minigenes in this library and SA1 serves as a less frequently
used splice acceptor. SA1 selection is strongly influenced
by both upstream (25A) and downstream (25B) sequences.
We postulated that comparing patterns of degenerate se-
quence in those minigenes that utilize SA1 in SF3B1WT
and SF3B1K700E would give clues to determinants of dif-
ferential splice site selection.

We first used the human embryonic kidney cell line,
HEK293T, and performed co-transfections of SF3B1 and
the 3′SS library. Because SF3B1 mutations are hemizy-
gous, it is important to limit expression of plasmid-encoded
SF3B1 to physiologic levels. Optimal concentration of
SF3B1-encoding plasmid was determined by western blot-
ting (Supplementary Figure S1). Total RNA was isolated at
48 hours after co-transfection, Illumina-compatible cDNA
libraries were prepared with minigene specific primers and
paired end sequencing was performed (detailed in Materi-
als and Methods). Transcripts were matched to minigenes
using unique 20 bp barcodes in the read 2 (R2) of paired
end reads. The minigene plasmid library contained over 3.4
million unique components. Transcripts noted to be present
in both SF3B1WT and SF3B1K700E datasets at a minimum
representation of five reads were used for further compara-
tive analysis (28.9 and 21.8 million transcripts respectively
distributed over approximately 700 000 minigenes).

Several groups including ours have previously reported
the utilization of novel or ‘cryptic’ 3′SS in SF3B1-mutant
cells (11,9,10). These cryptic splice sites are typically found
15–30 bp upstream of their canonical counterparts. We first
determined the relative usage of the predominant splice site
(SA2), and the alternate, less frequently used splice site SA1.
As shown in Figure 1B, both SF3B1WT and SF3B1K700E

cells used SA2 as their predominant splice site. However,
SF3B1K700E cells used SA1 4.7-fold more often compared
to SF3B1WT cells. Other less frequently used splice accep-
tors within the intron were also noted to be increased in
SF3B1K700E compared to SF3B1WT (data not shown). This

increase came at the expense of the predominant canonical
site SA2. When analysis was done at the level of individual
minigenes, a similar trend was noticed (SF3B1K700E utilized
SA1 at higher ratios compared to SF3B1WT, Figure 1C).
Among all the minigenes that utilized SA1 as splice accep-
tor (total 259 187), 62% were utilized both by SF3B1WT and
SF3B1K700E, 32% exclusively by SF3B1K700E cells and 6%
exclusively by SF3B1WT (Figure 1D). Thus, SF3B1K700E is
approximately five times more likely to use SA1 when com-
pared to SF3B1WT.

To determine how primary sequence motifs may influ-
ence novel 3′SS selection by SF3B1K700E, we compared
sequence motifs upstream of novel 3′SS in the degener-
ate regions (N25A or N25B, Figure 1E). We excluded
SA1and SA2 in this analysis given that the immediate
upstream regions of these splice acceptors are invariant.
The sequences upstream of these novel 3′SS were similar
in nucleotide distribution among minigenes utilized exclu-
sively by SF3B1K700E or those common to SF3B1WT and
SF3B1K700E. Previous work using patient samples had sug-
gested the polypyrimidine tract (PPT) upstream of cryp-
tic 3′SS to be weaker and interrupted by adenosines (9–
11,15). This difference could be explained by the typi-
cal location of cryptic 3′SS in relation to their canonical
counterparts (15–30 bp upstream). This position the BP of
canonical 3′SS within the PPT of cryptic 3′SS resulting in
‘weak’ PPT interrupted by adenosines. Such an overlap is
not present in the upstream sequence of novel 3′SS mo-
tifs determined from the minigene library. Taken together,
our results show an increased use of non-canonical 3′SS
in minigenes by SF3B1K700E. However, novel 3′SS used by
SF3B1K700E are not distinguished by a weaker PPT or pres-
ence of adenosines in their immediately upstream sequence.

Sequence motifs that serve as enhancers or repressors of splic-
ing are similar in SF3B1WT and SF3B1K700E cells

In previous work using the minigene library, sequence mo-
tifs in the degenerate regions either upstream or down-
stream of SA1 were noted to strongly influence splice site
competition (23). The effect of individual sequence motifs
on splice site competition was calculated precisely by de-
termining the odds ratio (OR). To better understand how
sequence motifs SF3B1WT and SF3B1K700E select 3′SS dif-
ferently, we used a similar computational algorithm to de-
termine how sequence motifs influence SA1 site selection.
First, minigenes that utilized SA1 were identified and the
degenerate regions (upstream 25A and downstream region
25B, Figure 1A) were analyzed for the presence or absence
of short sequences of 6 nucleotides (6-mers, total 46 = 4096).
Odds ratio (OR) for presence of each individual 6-mer in
minigenes that utilized SA1 was calculated as described in
Materials and Methods. Accordingly, 6-mers with highest
OR are associated with the highest probability of being
present in minigenes that utilize SA1. Conversely, 6-mers
with lowest OR are associated with lower chance of SA1
usage and thus act as splicing repressors.

Pattern of odds ratio (OR) for 6-mers in both SF3B1WT

and SF3B1K700E (in 25A and 25B regions) were largely sim-
ilar and overlapping as shown in Figure 2A–C. As previ-
ously noted, the strongest upstream enhancers of SA1 us-
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Figure 1. Degenerate minigene library and variable use of 3′SS by SF3B1WT and SF3B1K700E. (A) Scheme of 3′ minigene library. The two major splice
sites are shown (SA1, and SA2) along with two degenerate regions each of 25bp length (N25A and N25B). Distance between the splice sites are indicated
in base pairs (BP). (B) Variable use of SA1 and SA2 by SF3B1WT and SF3B1K700E cells (total transcript). (C) Variable use of SA1and SA2 by SF3B1WT

and SF3B1K700E cells (minigene). (D) Distribution of 259,187 minigenes that utilize SA1 between three groups (SF3B1WT, SF3B1K700E or shared by both
SF3B1WT and SF3B1K700E. (E) Upstream motifs from novel 3′SS (located in degenerate regions) in minigenes spliced by both SF3B1WT and SF3B1K700E

(top panel) and exclusively by SF3B1K700E (bottom panel).

age were noted to contain the putative BP consensus se-
quence (CU[AG]A[CU]) and specifically the YTAAY mo-
tif which can fully base-pair with U2 snRNA (canonical
or wobble, Figure 2D and E). Strong inhibitors of SA1
selection were G-rich sequences likely binding to hnRNP
proteins as shown previously (Supplementary File 1) (23).
Together, our results show that SF3B1WT and SF3B1K700E

spliceosomes do not differ drastically in how use of SA1 is
influenced by upstream or downstream sequence motifs.

SF3B1WT and SF3B1K700E utilize canonical BP similarly, but
SF3B1K700E utilizes non-canonical BP better than SF3B1WT

The preponderance of YTAAY motifs among splicing en-
hancers in the N25A region shows that sequence motifs
that fully base pair with U2 snRNA around the BP adeno-
sine are favored when available. Importantly, there is little
difference in OR of such canonical BP-containing 6-mers
between SF3B1WT and SF3B1K700E datasets. This finding
suggests that strong canonical BP sequences are utilized
equally between SF3B1WT and SF3B1K700E and hence un-
likely to account for their differential utilization of novel
3′SS. We thus considered the possibility that differences

in BP utilization may be only reflected in utilization of
‘non-canonical’ BP that do not contain the YTAAY mo-
tifs. Human BP are known to be highly degenerate with
variations to the canonical BP sequence that allow substi-
tutions at multiple positions around the nucleophilic base
(16,18,19). We hypothesized that a change in BP specificity
may not be reflected in the use of strong canonical YTAAY
sequences, but in non-canonical BP sequences that allow
for mismatches in its base pairing with U2 snRNA. To test
this, we first determined those 6-mers that enhanced splic-
ing more in SF3B1K700E when compared to SF3B1WT (Sup-
plementary File 2). We found that 6-mers that enhanced
splicing with the highest differential in OR (�log2 K700E-
WT) were highly enriched for non-canonical BP that dif-
fered from the YTAAY, at −1 position (Figure 3A). Fur-
thermore, majority of enhancer 6-mers that perform better
in SF3B1K700E (∼85%) contained variants at −1 position
(Figure 3B) compared to ∼16% predicted for all 4096 6-
mers (Figure 3C). Although substitutions at other positions
(−2 and +1) were also noted, their proportion was not dif-
ferent from what was anticipated at random. Our compu-
tational results points towards a strong trend to better uti-
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Figure 2. Difference in 6-mer usage by SF3B1WT and SF3B1K700E cells. (A) Distribution of log2 odds ratio (OR) of 6-mers in the 25 bp degenerate region
upstream of SA1 (25A) for SF3B1WT. Red horizontal lines represent difference of log2 OR between SF3B1WT and SF3B1K700E (calculated as �log2 OR)
for respective 6-mer. (B) Distribution of log2 OR of 6-mers in the 25bp degenerate region downstream of SA1 (25bp), plotted similar to Figure 2A. (C)
log2 OR of SF3B1WT (x-axis) and SF3B1K700E (y-axis) for 4096 6-mers. Red dots indicate those with TAA motif. (D) 6-mers with highest log2 OR in 25A
region. Trinucleotide TAA is highlighted in red. (E) Canonical BP sequence (YTAAY) that base-pairs with U2 snRNA as derived from 6-mers with highest
log2OR (Figure 2D).

lize non-canonical BP by SF3B1K700E when compared to
SF3B1WT.

Features of U2-BP base pairing in SF3B1K700E

In the absence of detailed annotation of vertebrate BP, deep
learning models trained on the limited set of available an-
notated human BP sequences have been used to predict BP
utilization from intronic sequences (24,25). We used one
such called LabRanchoR (25) to independently predict BP
in the degenerate regions upstream of SA1. LaBRanchoR
determines the probability of each base (from a total of 70
bp) pair upstream of a 3′SS to be the nucleophilic base for
BP. We compared the sequence motifs of putative BP se-
quences (9-mers with the fifth base being the nucleophilic
base) for minigenes that were spliced by both SF3B1WT

and SF3B1K700E (Common BP), or only by SF3B1K700E

(K700E BP). Our results were in agreement with analy-
sis based on odds ratio (OR) and showed variation from
the canonical BP sequences. While the nucleophilic base it-
self was almost always A, the −2 base was U less often in
SF3B1K700E (68.8% versus 79.3% in SF3B1WT, Figure 3D
and Supplementary Figure S2). Finally, we determined how

the energetics of BP region base-pairing with U2 snRNA
may differ in SF3B1K700E compared to SF3B1WT. Based on
the presence of non-canonical nucleotides in −1 position,
we hypothesized that SF3B1K700E allows higher energy in-
teractions between U2 snRNA and BP. We determined the
predicted binding energy of U2-BP using RNAduplex al-
gorithm (26) and found that interactions of the U2-BP du-
plex for SF3B1K700E were significantly less stable compared
to SF3B1WT (free energy means of −1.40 versus −2.92
kcal/mol respectively with a P-value < 2.2e–16, Figure 3E).
Taken together, BP prediction of SF3B1K700E appear to sup-
port a model of SF3B1K700E BP utilization that accommo-
dates non-canonical nucleotides in the immediate vicinity
of the nucleophilic adenosine thereby allowing less stable
U2-BP binding (Figure 3F).

To confirm the above computational model, we per-
formed minigene splicing assays using a series of minigene
constructs. These minigenes were derived from the 3′SS li-
brary with the same two exons of citrine with an inter-
vening intron as well a 3′UTR (Figure 4A). Single nu-
cleotide variant minigenes (at −1, −2 or 0 positions) were
generated through site-directed mutagenesis. Minigenes
were then co-transfected with SF3B1WT or SF3B1K700E



Nucleic Acids Research, 2019, Vol. 47, No. 2 975

Figure 3. Increased use of non-canonical BP sequences by SF3B1K700E. (A) Splicing enhancing upstream 6-mer sequences (OR >1.5) with highest difference
between SF3B1WT and SF3B1K700E (� log2 K700E-WT). −3 to +1 positions relative to BP adenosine is colored red. Non-canonical nucleotides (varying
from the canonical YTAAY sequence) at −1 position are underlined. (B) Distribution of 6-mers that enhance splicing (OR>1.5) more in SF3B1K700E

compared to SF3B1WT. Motifs are divided to those that contain trinucleotide TAA, −1 position variants, −2 position variants, Variants at both −1 and
−2 and those have none of the above. A total of 603 6-mers met criteria for this analysis. (C) Distribution of all 4096 6-mers to the same categories
as described for Figure 5B. (D) Sequence logo of BP sequences predicted by LabRanchoR for minigenes using SA1 with SF3B1 wild-type (top panel)
and SF3B1K700E (bottom panel). (E) Free energy estimate of U2-BP basepairing predicted by LabRanchoR for minigenes that utilize SA1 in SF3B1WT

and SF3B1K700E. P value calculated by wilcox test in the R-package. (F) Schematic showing modified base-pairing of BP-U2 snRNA (at −1 position) in
non-canonical BP better utilized by SF3B1K700E compared to SF3B1WT.

in HEK293T cells and total RNA extracted at 48 hours,
reverse-transcribed and analyzed by PCR (gel electrophore-
sis and quantitative PCR). A small but significant change
in SA1 use was noted in SF3B1K700E when compared to
SF3B1WT in −1 variant minigene (Figure 4B and C) con-
firming our computation-derived results. Changing the −2
position nucleotide to C or the nucleophilic (0 position)
nucleotide to G resulted in abrogation of SA1 use. Splic-
ing assays thus confirm an improvement in the use of non-
canonical (–1 position variant) BP in mutant SF3B1 when
compared to SF3B1WT.

We also implemented the LabRanchoR algorithm to pa-
tient samples by comparing the putative BP in upstream
sequences of cryptic and canonical 3′SS that we previ-
ously identified from myelodysplastic syndrome (MDS)
and chronic lymphocytic leukemia (CLL) (11). However,
we could not find a difference in U2-BP binding en-
ergy between cryptic and canonical 3′SS pairs. (Supple-
mentary Figure S3 and Supplementary File 3). We at-
tribute this to two key differences between our minigene
approach and cryptic/canonical 3′SS comparisons: (i) total
cryptic/canonical 3′SS available for comparison are only in

the several hundreds and (ii) over half of the cryptic 3′SS lie
in close proximity of their canonical counterparts (<50 bp)
resulting in significant overlap in their upstream sequences.
Our results underscore the utility of our approach based on
MPRA over analysis restricted to patient samples.

Generation of isogenic Sf3b1-mutant mouse embryonic stem
cells (mESC) and confirmation of changes to BP usage

To confirm the effect of SF3B1 mutations on splice-site
usage and splicing outcomes in an experimental system
that more faithfully reproduces genetics of disease asso-
ciated with mutant SF3B1, we generated isogenic murine
embryonic stem cells (mESC) expressing the Sf3b1K700E

mutation from its endogenous locus using CRISPR-Cas9
genome editing and homology directed repair (HDR). We
selected a guide-RNA (gRNA) that directed Cas9 to exon
15 of Sf3b1 close to the K700 position where it introduced
bi-allelic double-stranded breaks (DSBs), as confirmed by
the SURVEYOR mutation detection assay (Supplementary
Figure S5B). We first attempted single allele editing using
the Cas9/gRNA complex along with a HDR vector that
contained a neomycin (Neo) resistance gene flanked by se-



976 Nucleic Acids Research, 2019, Vol. 47, No. 2

Figure 4. Minigene splicing assay to determine change in isoform ratios of SA1 and SA2 utilization with variation of BP sequence. (A) Minigene with
canonical BP sequence CTAAC highlighted. BP adenosine is underlined. Two splice sites SA1 and SA2 are marked. Location of primers for amplification
of minigene transcript are also shown (arrow). (B) Agarose gel electrophoresis of minigenes with different BP substitutions. Amplification of isoform
that utilizes SA1 produces a 264 bp product while amplification of SA2 results in a 110 bp product. Top and middle panels show control vector (TAA)
and variations at −1 position (TGA, TCA, TTA). Lower panel shows additional variants (C at −2 position or replacing the BP adenosine by G). (C)
Quantitative PCR of isoforms that utilize SA1 or SA2 (using junction-spanning isoform-specific primers). Ratio of SA1 use to SA2 use was calculated for
each minigene, the SF3B1WT value was normalized to 1. Error bars represent SEM of three replicates. ** represents P value < 0.02 by Student’s t-test.

quences homologous to the genomic region surrounding
and containing the K700E (AAA→GAA) mutation. Al-
though Cas9 introduced bi-allelic DSBs, we consistently
found that only one allele underwent HDR to incorporate
the repair vector containing K700E while the other allele
underwent non-homologous end joining (NHEJ) that in-
troduced insertions and deletions (INDELs). In order to
faithfully replicate disease genetics in which SF3B1 hotspot
mutations are almost always hemizygous, we developed a
dual HDR vector strategy to ensure that while one allele
was edited by the introduction of K700E (AAA→GAA)
mutation, the other allele did not contain INDELs (Sup-
plementary Figure S4A and B). Using this strategy, we
generated mutant Sf3b1 K700K/K700E mESC (referred
as SF3B1K700E) and control Sf3b1 wild-type (K700K/K)
mESC (referred as SF3B1K700K). Integration of the repair
vectors was observed at similar frequencies for both K700K
and K700E (Supplementary Figure S6B) and was con-
firmed by PCR (Supplementary Figure S5A) and Sanger
sequencing of genomic DNA (Supplementary Figure S6C)
as well as cDNA (Figure 5A). We confirmed the expres-
sion of full-length Sf3b1 at the mRNA (Supplementary Fig-
ure S6D) and protein levels (Supplementary Figure S6A) in
both SF3B1K700E and SF3B1K700K cells. We further char-
acterized our gene targeting strategy using the GUIDE-

Seq methodology (27), which demonstrated only a single
off-target editing event induced by our gRNA involving a
coding gene (Fam131b) with poorly characterized function
(Supplementary Figure S5B and C).

We then confirmed aberrant 3′SS usage induced by
Sf3b1K700E mutation in mESC by high-depth paired end
RNA-Seq as previously described (11). 658 cryptic 3′SS
were found in Sf3b1K700E (Supplementary File 4). Impor-
tantly, they were clustered 15–30 bp upstream of their
canonical counterparts (Figure 5B), similar to that reported
in patient samples (9–11,15). Three cryptic 3′SS thus iden-
tified were confirmed through RT-PCR (Figure 5C and D).
Analysis of alternative splicing events using the rMATS al-
gorithm also revealed a splicing pattern similar to that seen
in patient samples (Supplementary Figure S7A and B).

Having confirmed similar splicing outcomes of
SF3B1K700E mutation between human and mouse cells,
we used the mESC to confirm the minigene transfection
results as described for 293T cells. Minigene libraries were
transiently transfected and cDNA libraries prepared and
sequenced as for 293T cells. Comparable to our results
with SF3B1K700E-overexpressing human cells, SF3B1K700E

mESC showed an increase in SA1 use at the expense of
SA2 (Supplementary Figure S8A and B). We then looked
for evidence of change in BP usage by 6-mer frequencies
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Figure 5. Generation of isogenic Sf3b1-mutant mouse embryonic stem cells (mESC) and confirmation of changes to BP usage. (A) Analysis of SF3B1
mRNA expression from edited alleles by Sanger sequencing of cDNA isolated from SF3B1K700K and SF3B1K700E mESC. (B) Distribution of the distances
of cryptic 3′SS in relation to their canonical 3′SS are shown for Sf3b1K700E mESC, as determined by RNA-seq. (C) Cryptic 3′SS in three candidate genes
identified through comparative anlaysis of RNA-Seq from SF3B1K700K and SF3B1K700E mESC clones. (D) Confirmation of cryptic 3′SS in Figure 5C by
reverse transcription, PCR and gel electrophoresis. Red and black arrows represent isoforms associated with cryptic 3′SS and canonical 3′SS selection,
respectively. (E) Splicing enhancing upstream 6-mer sequences (OR >1.5) in mESC datasets with highest difference between SF3B1WT and SF3B1K700E

(� log2 K700E-WT), as shown in Figure 3A. −3 to +1 positions relative to BP adenosine is colored red. Non-canonical nucleotides (varying from the
canonical YTAAY sequence) at −1 position are underlined. (F) Distribution of 6-mers that enhance splicing (OR > 1.5) more in SF3B1K700E compared
to SF3B1WT in mESC datasets (total of 150 6-mers met criteria). Motifs are divided to those that contain trinucleotide TAA, −1 position variants, −2
position variants, Variants at both −1 and −2 and those have none of the above. (G) Expected distribution of all 4096 6-mers to the same categories as
described for 5F.

in SA1-utilizing minigenes. Strongest upstream enhancers
of SA1 selection were 6-mers that contained the YTAAY
motif (Supplementary File 5). Importantly, splicing en-
hancing 6-mers with highest � log2-OR were variants
of the canonical YTAAY at −1 position in 9 of 10 cases
(Figure 5E). Nearly half of such 6-mers with positive

� log2-OR values contained −1 variants of the canonical
YTAAY motif (similar to results of experiments performed
in 293T cells, Figure 5F and G). In summary, these data
using isogenic cell lines confirm the change in BP usage by
mutant SF3B1.
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DISCUSSION

In this study, we performed a MPRA using a minigene li-
brary with degenerate sequences surrounding 3′SS to define
nature of BP utilization in SF3B1-mutant cancers. Several
studies using patient samples, animal models and cell lines
have all shown mutant SF3B1 expression to be associated
with novel or cryptic 3′SS (9–12,15,28). Based on SF3B1’s
critical role in stabilizing U2 snRNA-BP interaction, it has
been speculated that a change in BP is the primary driver of
this change in 3′SS. Analyzing a limited number of cryptic
3′SS, Alsafadi et al. proposed a model wherein SF3B1K700E

preferentially used novel BP motifs with stronger binding to
U2 snRNA (15). A separate, limited genome-wide analysis
of BP utilization in an isogenic SF3B1K700E cell line did not
reveal patterns unique to mutant spliceosomes (16). Defin-
ing BP in an unbiased fashion has proven difficult due to (1)
the degenerate nature of BP sequences in vertebrates mak-
ing their informatics prediction difficult; (2) technical chal-
lenges in isolating BP-containing intronic lariat sequences;
and (3) low total number of cryptic 3′SS from patient sam-
ples, typically a few hundred, limiting robust statistical anal-
ysis. Additionally, cells that express mutant-SF3B1 alone
(without the wild-type protein) are non-viable making it dif-
ficult to isolate the effects of mutant-spliceosome from that
of the wild-type spliceosome at the cellular level.

Our experimental approach allowed us to calculate the
odds ratio (OR) of individual sequence motifs to influence
selection of 3′SS. Several features of 3′splice site selection
were evident through this analysis: (1) similar to patient
samples, SF3B1K700E utilizes novel 3′SS in the minigene li-
brary when compared to SF3B1WT; (2) both SF3B1K700E

and SF3B1WT are similar in their utilization of strong pro-
moters or inhibitor sequences upstream or downstream of
3′SS; (3) upstream sequence motifs containing a consen-
sus motif YTAAY (predicted to base-pair with U2 snRNA)
are strongest enhancers of 3′SS selection in both SF3B1WT

and SF3B1K700E and (4) SF3B1K700E utilizes motifs with
non-canonical BP sequences (specifically those which vary
at position −1 relative to BP adenosine) more often than
SF3B1WT. This finding of altered BP preference by mu-
tant SF3B1 was corroborated by minigene assays as well
as BP predictions using an independent, deep learning net-
work (LabRanchoR). Together, these results point to a key
difference between SF3B1WT and SF3B1K700E with respect
to splice site utilization. While canonical BP (with strong
base-pairing with U2 snRNA) are favored by SF3B1WT

and SF3B1K700E, non-canonical variants are utilized by
SF3B1K700E at higher rates compared to SF3B1WT. The ef-
fect is however relatively modest and in line with the overall
modest change in splicing events seen across multiple mod-
els of mutant SF3B1. After performing an initial analysis in
a gene dose-optimized overexpression model, we generated
isogenic mESC cell lines that accurately model the single-
allele nature of disease-associated SF3B1 mutations in pa-
tient samples. These studies in non-transformed cells con-
firmed our findings from the over-expression model. The
nature of BP utilization by cancer-associated SF3B1 muta-
tions was explored recently in two studies in yeast (29, 30),
which determined splicing fidelity of non-canonical BP by
mutant proteins. Some of the mutants including the P369E

mutation (corresponding to human K700E) increased the
use of such non-canonical BP while others decreased it. Dif-
ferences in yeast and human cells, including the requirement
for additional factors in recognizing the highly degenerate
human BP, may be responsible for such dissimilarities in BP
utilization by mutant SF3B1 in these experimental systems.

Based on our results, we propose a model of BP utiliza-
tion wherein weaker BP-U2 snRNA interactions can be sta-
bilized preferentially by SF3B1K700E. This allows for the
use of novel 3′SS when potential 3′SS are located down-
stream of such novel BP (Figure 6). Importantly, the model
allows for occasional use of new BP by SF3B1K700E, but
stronger canonical BP if present will be still favored. This
may explain why isoforms with cryptic 3′SS typically con-
stitute only a small proportion of the transcript (low PSI
or percentage spliced in) and not close to 50% as would
be expected if change in SF3B1K700E’s BP was absolute.
Other reasons for low PSI include variable allele frequency
(VAF) in clinical samples (31) and nonsense mediated de-
cay (NMD) of aberrantly spliced transcripts (10), neither
of which are applicable to the minigene model (all cells ex-
press mutant SF3B1 and NMD cannot be determined due
to the single-intron nature of the minigene). Our model is
based on a minigene library with two potential splice ac-
ceptors located 156 bp apart, hence it may not be extrap-
olated to scenarios where competing splice sites are much
closer or much further apart. Our model contrasts with a
model proposed by Alsafadi et al., in which mutant SF3B1
favored BP with stronger U2 base-pairing (15). This model
was however based on analysis of a few selected BP/ 3′SS
sequences and not an unbiased genome-wide analysis.

We speculate that several potential mechanisms could
allow higher energy interactions between U2 and BP in
mutant-SF3B1 cells. Recent work in the yeast model has
proposed a disrupted interaction between mutant-SF3B1
and Prp5 (30), a helicase that proofreads the BP. The role of
Prp5 is however not well defined in human splicing. While
our results strongly suggest the ability of mutant SF3B1 to
induce a change in BP recognition, it is not implicit that
a change in BP is necessary or sufficient for novel 3′SS se-
lection. Recent genome-wide mapping of human BP have
shown instances of single 3′SS being associated with mul-
tiple BP (18,19). Conversely, the same BP may use multi-
ple 3′SS. Structural studies of the spliceosome and SF3B1
have shown that in addition to its interaction with the BP
region, the C-terminal HEAT domains also interact with
the mRNA itself. Interpreting these studies, Jenkins and
Kielkopf suggested that the HEAT-domain mutations of
SF3B1 may alter its conformation in a way that reduces
the effective minimum distance between BP and 3′SS, al-
lowing use of novel 3′SS (32). Other mechanisms may also
be at play: for example, we have reported previously that the
secondary structure of nascent pre-mRNA influences 3′SS
selection by mutant SF3B1 (11). Taken together, it would
appear that altered BP utilization is one of multiple mecha-
nisms that lead to aberrant 3′SS selection in mutant cells.

MPRA based on next-generation sequencing have proven
useful in defining rules of transcription, translation and
splicing (23,33–36). Our results show their utility to de-
fine aberrant biochemistry of neomorphic proteins, espe-
cially in instances where transcriptome-wide analysis is not
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Figure 6. Model of BP utilization by wild-type and mutant SF3B1. Wild-type spliceosomes (upper panel) recognize and utilize canonical BP with stable
BP-U2 interactions, which lead to use of canonical 3′SS only. Mutant spliceosomes (lower panel) utilize canonical BP preferentially but are also able to
utilize non-canonical BP sequence with less favorable U2-BP energetics, leading to novel splice isoforms.

fully informative. This minigene approach has some lim-
itations: for instance, the design of the construct (single
intron) did not allow us to determine if non-sense medi-
ated decay (NMD) plays a role in altered transcript abun-
dance as has been speculated in some studies of mutant-
SF3B1 function (10). Nonetheless, our findings extend the
current understanding of BP selection in SF3B1-mutated
diseases by demonstrating that mutant SF3B1 can better
utilize non-canonical BP sequences when compared to wild-
type protein, without losing the ability to use canonical BP
sequences, consistent with the notion that recurrent HEAT
domain mutations convey gain-of-function pathology.
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