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a b s t r a c t

The hotspot mutations of SF3B1, the most frequently mutated splicing gene in cancers, contribute to
oncogenesis by corrupting the mRNA splicing. Further SF3B1 mutations have been reported in cancers
but their consequences remain unclear. Here, we screened for SF3B1 mutations in the vicinity of the hot-
spot region in tumors. We then performed in-silico prediction of the functional outcome followed by in-
cellulo modelling of different SF3B1 mutants. We show that cancer-associated SF3B1 mutations present
varying functional consequences that are loosely predicted by the in-silico algorithms. Analysis of the ter-
tiary structure of SF3B1 mutants revealed that the resulting splicing errors may be due to a conforma-
tional change in SF3B1 N-terminal region, which mediates binding with other splicing factors. Our
study demonstrates a varying functional impact of SF3B1 mutations according to the mutated codon
and the amino acid substitution, implying unequal pathogenic and prognostic potentials of SF3B1 muta-
tions in cancers.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Aberrant alternative splicing is emerging as a hallmark of
cancer. Splice aberrations are mainly associated with mutations
of genes encoding for splicing factors including SF3B1, U2AF1, SRSF2
and ZRSR2 as the most frequently mutated splicing genes in
cancers. Mutations in these genes were initially discovered in
myelodysplastic syndromes (MDSs) and chronic lymphocytic
leukemia (CLL) [1–3]. Interestingly, these genes encode proteins
that are all involved in the initial steps of RNA splicing, including
30 splice site (30ss) recognition during RNA splicing [4,5]. SF3B1
has also been found mutated in a significant proportion (~20%) of
uveal melanoma (UM) and in other solid tumors at lesser frequen-
cies [6–10]. Intriguingly, mutations of SF3B1, U2AF1, ZRSR2
and SRSF2 are almost mutually exclusive and lead to distinct
aberrant splice patterns. There is a growing interest in these splice
aberrations, not only to understand the mechanisms and conse-
quences of the causing mutations, but also to determine whether
such aberrations are related to the oncogenesis or have a clinical
significance. The analysis of these aberrant splice patterns has been
shown to be of prognostic value for multiple cancer types, includ-
ing non-small cell lung cancer, ovarian cancer, breast cancer, uveal
melanoma and glioblastoma [11–17].

SF3B1 (Splicing Factor 3b Subunit 1) mediates U2 snRNP recruit-
ment to the branchpoint (BP) by interacting with the intronic
pre-mRNA (precursor messenger RNA) [18]. Cancer-associated
missense mutations in SF3B1 are change-of-function mutations
with three main hotspots targeting the HEAT (Huntingtin,
Elongation factor 3, protein phosphatase 2A, Targets of rapamycin 1)
repeat domains at codons R625, K666 and K700. Interestingly,
K700 mutations are by far the most frequent in hematopoietic
malignancies, whereas R625 mutations are prevailing in UM. These
alterations affect residues that are predicted to be spatially close to
one another [1]. The hotspot mutations are associated with a
unique aberrant splice pattern characterized by recognition of
alternative 30ss in a subset of pre-mRNA. SF3B1mutations targeting
further codon positions have been reported at lesser frequencies,
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but little is known about their consequences. It has been reported
that SF3B1 hotspot mutations disrupt interaction with the
spliceosomal protein SUGP1 (SURP and G-patch domain containing
1) during BP recognition and that the loss of this interaction solely
accounts for the splicing errors caused by mutant SF3B1 [19]. Very
recently, we and others revealed that SUGP1 somatic mutations
combined with its loss-of-heterozygosity induce the SF3B1-
mutant splice pattern (we will denote by SF3B1Mut all SF3B1
mutations that lead to aberrant 30ss usage) in tumors and cell mod-
els [20,21].

Cretu et al. provided the first description of the crystal structure
of SF3b core complex, revealing how the distinctive conformation
of SF3B1 HEAT domains is maintained by multiple contacts with
SF3b130, SF3b10, and SF3b14b [22]. Protein-protein crosslinking
enabled the localization of the binding proteins p14 and U2AF65
within SF3B1 HEAT superhelix, which together with SF3b14b
forms a composite RNA-binding platform. SF3B1 residues, targeted
by cancer-related mutations, contribute to the tertiary structure of
the HEAT domain and its surface properties in the proximity of p14
and U2AF65 [22]. Recently, descriptive studies of human cancers
highlighted splicing variations between SF3B1 hotspots, and
suggested correlation of these hotspots with clinical differences
[23–26]. Notably, RNA-sequencing data analysis of tumors and iso-
genic cell lines harboring SF3B1 hotspot mutations suggested that
the distribution of distances from the canonical to the cryptic
30ss varies among the different hotspot mutations with altered
sequence motif associated with the aberrant 30ss [25].

In the present study, we investigated a set of cancer-associated
SF3B1 mutations in order to determine the functional and struc-
tural impact of these mutations. We performed in-silico prediction
of the functional outcome followed by in-cellulo modelling of
different SF3B1 mutants and validation of the induction of the
aberrant splice pattern. We show that residues whose mutations
are involved in cancer present varying functional consequences
that are loosely predicted by the currently available in-silico
algorithms. Analysis of the predictive tertiary structure of different
SF3B1 mutants revealed that the splicing defects induced by SF3B1
mutations may be due to a conformational change in SF3B1
N-terminal region, which mediates binding with other splicing
factors. Furthermore, our findings suggest that SF3B1 hotspot
mutations induce different intensities of the aberrant splice
pattern. We provide the first evidence that the location and the
charge of amino acid substitution are determinant factors of the
burden of aberrant splicing induced by SF3B1 mutants. Such
findings imply unequal pathogenic and prognostic potentials of
the different SF3B1 mutations in cancers.
2. Materials and methods

2.1. In-silico quantification for SF3B1Mut impact in tumors

As previously described, Sequence Bloom Trees (SBTs) were
generated based on the RNA-sequencing fastq files for all samples
of the 33 tumor types of the TCGA, and the occurrence of 1443
aberrant splice junctions specific to SF3B1Mut tumors (40-nts
sequences centered on the aberrant 30 splice site) was screened
using SBTs [20,27–30]. SBT scores corresponded to the number of
junctions found for each tumor sample in the fastq file (0 � SBT
score � 1443).

Linear model SBT scores ~ Million reads per mutated allele (total
number of reads covering splice junctions multiplied by VAF of
SF3B1 mutation) was built based on 34 cases with K700E and
R625H/C mutations (R2 = 0.75, p < 10�10, Supplementary Fig. 1A).
Mutation impact was estimated as deviation from the model value
relative to the model value, i.e. the difference of the SBT score and
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the predicted value divided by the predicted value for all muta-
tions (Supplementary Fig. 1B). Linear model and the boxplot were
built using R functions.

2.2. Wild-type and mutated SF3B1 constructs

A pCMV-3tag-1A vector containing wild-type SF3B1 was
synthesized by Genscript Corporation as previously described [8].
The full sequence of codon-optimized SF3B1 is available upon
request. R625H, H662R, I665F, K666T, K700E, G740E, K741E,
K741N, K741Q, G742D, D781E missense mutations and deletion
of HEAT repeats included between amino acids 622 and 781 (Del
(622–781)) were introduced using QuikChange II XL Site-Directed
Mutagenesis Kit (Agilent Technologies). All constructs were veri-
fied by DNA sequencing. The primer sequences used to generate
SF3B1 constructs are provided in Supplementary Table 1.

2.3. Cell culture and transfection

HEK293T was cultured in DMEM supplemented with 10% fetal
bovine serum and was tested to be Mycoplasma free. Authentica-
tion of the cell line was verified by Sanger sequencing for its
mutational status and by RNA-Seq. Plasmid transfections were
carried out in HEK293T cell line using 2 lg of plasmid construct
and LipofectAMINE 2000 reagent (Invitrogen) according to the
manufacturer’s instructions.

2.4. Reverse transcription and quantitative PCR amplification
of splicing products

Total RNA was extracted with NucleoSpin RNA kit (Macherey-
Nagel). The quantity and quality of RNA was determined by
spectrophotometry (NanoDrop Technologies). Five hundred nano-
grams of RNA was used as a template for cDNA synthesis with
the High Capacity cDNA ReverseTranscription Kit (Applied
Biosystems). Twenty-five nanograms of the synthesized cDNA
was used as a template for RT–PCR amplification with specific
primers. The primer sequences are provided in Supplementary
Table 2.

2.5. RNA-sequencing analysis

The total RNA was isolated from HEK293T cells using a
NucleoSpin Kit (Macherey-Nagel). Cells were transfected with
pCMV-3tag-1A expression vectors for wild-type SF3B1 (SF3B1WT),
or for SF3B1 mutations (R625H, K666T, K700E) at comparable
transfection levels as shown in Supplementary Fig. 2 (1 mg of
expression vectors for R625H and K666T, and 2 mg for K700E).
cDNA synthesis was conducted with MuLV Reverse Transcriptase
in accordance with the manufacturer’s instructions (Invitrogen),
with quality assessments conducted on an Agilent 2100 Bioana-
lyzer. Libraries were constructed using the TruSeq Stranded mRNA
Sample Preparation Kit (Illumina) and sequenced on an Illumina
NovaSeq platform using a 100-bp paired-end sequencing strategy.
RNA-sequencing data analysis was performed as previously
described [20]. Sequencing data are available as GSE167001.

2.6. Immunoblot analysis

Cells were lysed in radioimmunoprecipitation assay (RIPA) buf-
fer, and proteins were quantified using a BCA Protein Assay (Pierce).
Equal amounts were separated by SDS–polyacrylamide gel elec-
trophoresis. Proteins were transferred to nitrocellulose membranes
followed by immunoblotting with specific primary antibodies for
SF3B1 (1:500; #170854; Abcam), Flag (1: 1,000, #3165; Sigma),
and ß-actin (1: 5,000; #5313; Sigma). The membrane was then
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incubated at room temperature for one hour with either goat anti-
rabbit or goat anti-mouse Odyssey secondary antibodies. Immuno-
labelled proteins were detected using the Odyssey Infrared Imaging
System (Li-cor). ß-Actin immunoblotting was used to quantify and
normalize results.
2.7. In-silico prediction of protein function and structure

Seven in-silico prediction tools (MAPP, PhD-SNP, PolyPhen-1,
PolyPhen-2, SIFT, SNAP and PANTHER) were used to assess the
effects of amino acid substitutions on protein function. Among
these seven tools, the six best (MAPP, PhD-SNP, PolyPhen-1,
PolyPhen-2, SIFT, SNAP) performing methods were combined
into a consensus classifier PredictSNP, which represents a robust
and accurate alternative to the predictions delivered by individual
tools [31].

The visualization of SF3B1 structure was done using PyMOL
[The PyMOL Molecular Graphics System, Delano Scientific, San
Carlos, CA, USA, version 1.4]. The structure prediction of SF3B1
wild-type and SF3B1 mutants was done using the I-TASSER server
[32–36]. I-TASSER provides the structural alignments between the
target (in our case, SF3B1 wild-type and SF3B1 mutants) and the
homologous structure templates from the PDB library that are
ranked by TM-score [37]. The alignments between SF3B1 wild-
type and SF3B1 mutants were performed using PyMOL and the
RMSD (Root-Mean-Square Deviation) was used to calculate the
quality of the alignment of two predicted protein structures [38].
Additionally, the RMSD per residue along the mutant backbone
as compared to the wild-type backbone was analyzed by MultiSeq,
an extension of the Multiple Alignement tool that is provided as
part of VMD (Visual Molecular Dynamics) [39–41].
Fig. 1. Screening for SF3B1 mutations in COSMIC database. Graphical representa-
tion of the mutation spectrum across the SF3B1 gene on the amino acid scale (A) and
a zoom on the hotspot mutational HEAT domain (blue regions) (B). (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
3. Results

3.1. In-silico predictions of the functional impact of missense
mutations in SF3B1

In order to gain insight into cancer-associated SF3B1 mutations,
we interrogated COSMIC dataset to screen for SF3B1 mutations in
33 different types of tumors (Fig. 1A). In total, 8% of all samples
(3,299/40,189) of this database harbored missense/nonsense
mutations or insertions/deletions in SF3B1. Missense mutations
are, by far, the most frequent event representing 81% of all events.
Eighty-five percent (2,278/2,679) of the missense mutations are
localized in the HEAT domain region 529 – 880 AA (amino acids)
of SF3B1, including hotspots on codons R625, K666 and K700
(Fig. 1B). We focused on mutations with high recurrence or adja-
cent to hotspots. As shown in Fig. 2A, the mutated codons are all
located at the helix of the HEAT domain encompassing the pre-
mRNA. We then investigated the pathogenicity of SF3B1 amino
acid substitutions: R625H, H662R, I665F, K666T, K700E, G740E,
K741E, K741N, K741Q, G742D, D781E by using a consensus classi-
fier PredictSNP, an in-silico tool combining the best performing pre-
diction computational methods (MAPP, PhD-SNP, PolyPhen-1,
PolyPhen-2, SIFT and SNAP). Based on various parameters such as
physico-chemical properties of amino acids, the conservation of
amino acids between species and structural characteristics
provided by databases like PDB (Protein Data Bank) and Uniprot,
this analysis predicts whether a substitution of a particular amino
acid is neutral or deleterious with a confidence score reflecting the
degree of veracity of its predictions. Fig. 2B shows that the tested
SF3B1 mutations are all predicted to be deleterious according to
computational prediction tools except for D781E, which was
predicted to be neutral with a confidence score of 63%. Thus, the
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in-silico prediction analysis displays variations of the functional
consequences of SF3B1 missense mutations.

We then opted to assess the occurrence of SF3B1 mutations
based on the Sequence Bloom Tree (SBT) approach we used previ-
ously for scanning the TCGA for the functional SF3B1 mutations
[20,27,28]. SBT is an indexing structure calculated based on the
fastq files (thus avoiding alignment step), which allows fast and
sensitive screening of the large datasets for a specific short
sequences [20,27,28]. SBT score represents the number of pre-
defined SF3B1Mut-specific aberrant junctions found at least once
in raw RNA-sequencing data (Supplementary Table 3, [20,27,28]).
SBT scores were validated by direct analysis of junction expression
[20,27,28] and here we used these SBT scores to estimate the
impact of SF3B1 mutations.

While exploring SBT scores for the set of SF3B1 mutations, we
observed that the confounding effects of RNA-sequencing coverage
and SF3B1 mutation VAF (variant allele frequency) on SBT scores
could be efficiently modelled and the most frequent mutations
K700E and R625H/C could be used as a baseline to estimate the
impact of other mutations (Supplementary Fig. 1). Indeed, we
found that correlation coefficient between SBT scores and million
reads per SF3B1 mutated allele (an index characterizing the tumor
sample and prevalence of SF3B1 mutation) equals 0.87 (Pearson
correlation) and corresponding linear model had a perfect fit



Fig. 2. In-silico predictions of functional impact of SF3B1 missense mutations. A. Overview of residues mutated in cancers (magenta spheres) mapped to the humain SF3B1
structure (grey) in the activated spliceosome (Bact complex) (PDB ID: 5Z56). The figure was rendered using PyMOL (The PyMOL Molecular Graphics System; http://www.
pymol.Org). B. Prediction of functional impact of SF3B1 missense mutations using PredictSNP. PredictSNP combined six best computational tools (MAPP, PhD-SNP, PolyPhen-1,
PolyPhen-2, SIFT and SNAP) to predict the effect of a substitution of amino acid. The colors red and green indicate that the substitution is predicted respectivey deleterious
and neutral. A confidence score estimated with a percentage is indicated for each mutation and prediction tool. The PredictSNP’s confidence score is assessed from the
confidence scores of six individual tools. C. Relative impact of SF3B1mutations measured by SBT scores obtained for the TCGA RNA-sequencing data. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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(R2 = 0.76, Fisher test p < 10�10). We estimated the relative impact
of all mutations as the difference between mutation SBT score and
the predicted value divided by the predicted value (Fig. 2C, Supple-
mentary Table 3).

Based on this analysis, R625H/C and K700E mutations seem to
induce high aberrant splice burden together with other mutations
including D781E. The lowest aberrant splice burden was obtained
for I665F and A633V. Furthermore, different substitutions on
K741 (E, N, Q) are intriguingly associated with different intensities
of the aberrant splicing. Thus, SBT analysis does not reflect in-silico
predictions. Of note, SBT scores were obtained based on the
splicing pattern defined in datasets enriched in SF3B1R625H and
SF3B1K700E tumors [8,29], however, all further unsupervised
1364
analysis of the splice junctions were consistent with these SBT
scores.

3.2. Alternative 30ss usage is a marker of functional
impact of SF3B1 mutations

We then evaluated in cellulo the functional impact of SF3B1
amino acid substitutions (R625H, H662R, I665F, K666T, K700E,
G740E, K741E, K741N, K741Q, G742D, D781E) by assessing the
relative expression of aberrantly-spliced transcripts of DPH5, DLST,
ENOSF1 and ARMC9 as markers of the aberrant splice pattern
detected in SF3B1Mut tumors [8]. HEK293T (SF3B1WT) cell line was
transiently transfected with pCMV-3tag-1A expression vectors
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for wild-type SF3B1 (SF3B1WT), for SF3B1 missense mutations men-
tioned above and for SF3B1 in which the HEAT repeats included
between amino acids 622 and 781 are deleted (SF3B1Del (622�781)).
Transfection levels were controlled by immunoblotting (Fig. 3A).
We evaluated the aberrant splice index (AG’/AG) based on the
mRNA expression ratio of the aberrantly-spliced transcript (AG’)
Fig. 3. In-cellulo evaluation of the aberrant splice pattern of SF3B1 mutants. A. Protein ex
HEK293T cells by immunoblotting with anti-Flag and anti-SF3B1, respectively. ß-actin an
the AG’/AG transcript expression ratio of DPH5, DLST, ENOSF1 and ARMC9 in HEK293T cell
were determined by RT-qPCR. The results are average of three replicates and are represe
condition to the SF3B1 wild-type vector transfection (SF3B1-WT): *p < 0.05; **p < 0.005;
(AG’/AG index) for a panel of previously validated SF3B1Mut-aberrant splice events in HEK
examples of IGV visualizations of SF3B1Mut-aberrant splice events (right panel).
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to the canonical transcript (AG) as determined by quantitative
reverse transcription (RT)-PCR (Fig. 3B). While the overexpression
of SF3B1WT did not have any significant effect on AG’/AG index, the
overexpression of hotspot mutants (SF3B1R625H, SF3B1K666T,
SF3B1K700E) significantly increased the AG’/AG index in HEK293T
cell line. Of note, SF3B1R625H induced a considerably high AG’/AG
pression analysis of exogenous flagged-SF3B1 and endogenous SF3B1 in transfected
tibody was used as a loading control. B. Effect of the various mutations of SF3B1 on
s. Ratios of expression levels of the alternative AG’ and canonical AG forms (AG’/ AG)
nted as mean ± sd. Paired t-test was used to generate the p-values comparing each
***p < 0.0005. C. Heatmap of ratios of aberrant to canonical 30ss junction expression
293T cells transfected with the SF3B1 wild-type or hotspot mutants (left panel), and
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index as compared to SF3B1K666T and SF3B1K700E mutants. The
observed differences in AG’/AG index between the SF3B1 hotspot
mutants imply variable intensities of the aberrant splice pattern
induced by the different mutants. To validate this finding, we
introduced the hotspot mutants at increasing ranges of expression
levels in HEK293T cells (Supplementary Fig. 2A). Our findings show
that the intensity of the aberrant splice pattern significantly varies
between the hotspot mutations with R625H presenting the highest
intensity of aberrant splice pattern (Supplementary Fig. 2B). Of
note, the experimentally determined AG’/AG index correlated with
SBT scores suggesting that low expression of aberrant transcripts
may limit their detection, and vice versa. RNA sequencing of
HEK293T cells transfected with SF3B1WT or for SF3B1R625H, K666T,

K700E allowed a further validation on a panel of previously validated
SF3B1Mut-aberrant splice events [8,42–44] (Fig. 3C, Supplementary
Fig. 3).

Strikingly, our results show that the different amino acid substi-
tutions on the codon 741 (K741E, K741N, K741Q) lead to varying
aberrant splice index. As shown in Fig. 3B, SF3B1K741Q induces a
considerably low AG’/AG index as compared to SF3B1K741N and
SF3B1K741E. Such finding implies that the intensity of the aberrant
splice pattern of SF3B1 mutants depends on the type of the substi-
tuting amino acid, in agreement with SBT analysis.

Interestingly, the I665F mutation does not induce the aberrant
splice pattern despite its vicinity to the K666T hotspot mutation.
Similarly, the aberrant splice pattern was not induced by SF3B1Del

(622�781) mutant, which confirms that the pattern-inducing muta-
tions lead to a change of function rather than a loss of function
of the mutated SF3B1 region.

Altogether, these results provide evidence that SF3B1 mutants
present different consequences on splicing and suggest that the
burden and intensity of aberrant splice pattern are dependent on
SF3B1 amino acid substitutions.

3.3. Structural impact of SF3B1 amino acid substitutions reflects the
functional impact of SF3B1 mutations

In order to better understand the differential intensities of aber-
rant splice pattern induced by SF3B1 mutants, we analysed the
structural impact of SF3B1 hotspot mutations (R625H, K666T,
K700E) and that of the different amino acid substitutions on the
codon 741 (K741Q, K741N, K741E). The I665F mutation, which
does not induce the aberrant splice pattern, was also analysed.
As shown in Fig. 4A and B, the side chains of the hotspot amino
acids (R625, K666, K700) are all oriented towards the pre-mRNA,
whereas the side chain of isoleucine (I665) is oriented toward
the protein surface. Considering the structural and biochemical
characteristics of amino acids at physiological pH (pH ~ 7), the side
chain of arginine at position 625 (R625) contains three carbons
followed by a guanidinium group, making arginine a positively
charged aliphatic amino acid. When a hotspot mutation replaces
arginine by histidine (R625H), its side chain becomes shorter with
an imidazole ring (Fig. 4C). Therefore, the substitution R625H loses
its proximity to pre-mRNA and its polarity as compared to R625
(Fig. 4B and C), which may explain the high AG’/AG index induced
by R625H.

On the other hand, lysine (K) at positions 666 and 700 is posi-
tively charged and very polar (Fig. 4B). SF3B1 hotspot mutations
K666T and K700E radically alter the residue charge as threonine
(T) is uncharged and glutamate (E) is negatively charged. Of note,
the two substitutions K666T and K700E maintain their polarity
compared to that of lysine (Fig. 4B, D and E), possibly resulting in
a lower impact of K666T and K700E as compared to R625H.

Regarding the isoleucine (I) at position 665 (I665), the hydro-
carbon side chain makes isoleucine a hydrophobic amino acid
(Fig. 4B). A substitution of isoleucine by a phenylalanine (I665F)
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results in a side chain with an aromatic ring while preserving its
hydrophobicity (Fig. 4F), which may explain the absence of func-
tional impact of this particular mutation.

At the codon K741, we investigated the three amino acid substi-
tutions (K741Q, K741N, K741E). As shown in Fig. 4G, lysine (K) is a
positively-charged amino acid with 4 carbons in its side chain
while glutamine (Q) is uncharged and has 3 carbons. Aspargine
(N) is also uncharged but its side chain has only 2 carbons. This
observation implies closer length of the side chain of K741Q to
the wild-type codon as compared to that of K741N, which explains
the low AG’/AG index of K741Q as compared to K741N. On the
other hand, the carboxyl group of glutamate (E) confers a negative
charge to its side chain which makes it radically different from
lysine (K), explaining the high AG’/AG index induced by K741E.

Overall, these findings suggest that the codon position and its
proximity to the pre-mRNA, as well as the charge and polarity
change caused by the residue substitution are all determinant
factors of the resulting splice pattern intensity. The length of the
side chain is also to be considered as a minor determinant of the
impact.
3.4. Consequences of SF3B1 mutations on its tertiary structure

In order to assess the consequences of SF3B1 mutations on the
protein conformation, we used the in-silico tool I-TASSER to predict
the tertiary structure of SF3B1 mutants [32–36]. We analyzed
SF3B1 hotspot mutants (R625H, K666T, K700E), the different
amino acid substitutions at codon K471 (Q, N or E), and I665F
which does not induce the aberrant splice pattern. Local accuracy
and confidence scores estimating the quality of the predicted
models by I-TASSER are reported in Supplementary Tables 4
and 5. We compared the tertiary structure of each SF3B1 mutant
to that of SF3B1 wild-type protein. RMSD (Root-Mean-Square
Deviation) value assesses the quality of the superposition of two
protein 3D (three-dimensional) structures [38]. The lower the
RMSD value, the better the superposition/alignment of two 3D
protein structures and the more similar the conformation of two
proteins will be. Fig. 5A and Supplementary Fig. 4 show that all
of the tested SF3B1 mutants induce a conformational change at
the N-terminal domain of the protein. RMSD values of the superpo-
sitions between SF3B1 mutants and wild-type varied from 0.235 Å
to 0.335 Å. Strikingly, the intensity of aberrant splice pattern
induced by the different amino acid substitutions at the codon
741 (K741Q, K741N, K741E) correlated positively with RMSD
(Pearson correlation coefficient r = 0.99, Fig. 5B), indicating that
the functional impact of mutations correlates positively with the
extent of the associated change of conformation of the protein.
Furthermore, SF3B1I665F, which does not induce the aberrant splice
pattern, results in a less significant change in the 3D structure with
a low RMSD (0.235 Å) as compared to the other mutants inducing
the aberrant splice signature. Accordingly, the predicted conforma-
tion of SF3B1I665F is closer to that of SF3B1WT than those of other
mutants. We further analyzed the hypothetical mutations K700R
(a variant with physico-chemical properties similar to wild-type),
K700G and I665C (two variants that are radically different from
the wild-type). Interestingly, we found the RMSD value of K700R
(0.270 Å) to be lower than that of K700E (0.274 Å), in contrast to
the RMSD of K700G (0.293 Å). Additionally, the RMSD of I665C
(0.322 Å) is higher than that of I665F (0.235 Å), which is in line
with our physico-chemical model.

Collectively, our results reveal that the studied SF3B1mutations
have a conformational impact on the N-terminal domain of SF3B1
although they are localized in the C-terminal HEAT domain of
SF3B1. Our findings suggest also that the aberrant splice pattern
correlates with the extent of the conformational change.



Fig. 4. Structural impact of amino acid substitutions of SF3B1 in the activated spliceosome (Bact complex) (PDB ID: 5Z56). A. Overview of wild-type SF3B1 amino acids (R625,
H662, I665, K666, K700, G740, K741, G742, D781) with a zoom (black box) on the hotspot region (R625, H662, I665, K666 and K700E). The amino acids susceptible to
damaging substitutions are R625, H662, K666, K700, G740, K741, G742, D781 and their carbon chains are represented in pink. The carbon chain of the amino acid I665
susceptible to substitution with no functional impact is represented in green. B-F. A zoom on the amino acids R625, H662, I665, K666 and K700 (B) and the corresponding
mutations R625H (C), K666T (D), K700E (E) and I665F (F). The carbon chains of substitutions are represented in light blue. G. Representation of wild-type SF3B1 amino acids
(R625, H662, I665, K666, K700, G740, K741, G742, D781) and an overview (red box) of the residue K741. The amino acids susceptible to damaging substitutions are R625,
H662, K666, K700, G740, K741, G742, D781 and their carbon chains are represented in pink. The carbon chain of the amino acid I665 susceptible to substitution with no
functional impact is represented in green. A zoom on the amino acid K741 and its substitutions K741Q, K741N and K741E. The carbon chains of substitutions are represented
in light blue. (+): positively charged amino acid; (-): negatively charged amino acid. Oxygen (O), nitrogen (N) and pre-mRNA are shown respectively in red, dark blue and
yellow. The residues are shown as stick in elemental colors and the figure was rendered using PyMOL. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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4. Discussion

SF3B1 is the most frequently mutated splicing gene in cancers.
SF3B1 hotspot mutations affect codons R625, K666 and K700
inducing an aberrant splice pattern characterized by the usage of
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alternative 30ss (AG’) upstream of the canonical 30ss (AG) in a sub-
set of pre-mRNA [8,29,30]. Previous studies addressed the aberrant
splice pattern induced by SF3B1 hotspot mutations as compared to
the canonical splice pattern associated with wild-type SF3B1.
Mutations targeting other codons of SF3B1 have also been



Fig. 5. Functional impact of SF3B1 mutations on SF3B1 protein (PDB ID: 6AHD1). A. Representation of the alignment of wild-type SF3B1 structure (green) with that of SF3B1
mutant predicted proteins: R625H (purple), K666T (pink), K700E (magenta), K741E (red), K741N (blue), K741Q (orange), I665F (yellow). On the right panels: representation of
the N-terminal domain of wild-type SF3B1 (green) and SF3B1 mutants: R625H (purple), K666T (pink), K700E (magenta), K741E (red), K741N (blue), K741Q (orange), I665F
(yellow). The structures were visualized using PyMOL. For each superposition between SF3B1 mutant and the wild-type, an RMSD value was indicated for evaluating the
quality of alignment between the two proteins. B. Correlation between the AG’/AG transcript expression ratio of DPH5 and the RMSD of SF3B1 mutations (I665F, K741E,
K741N, K741Q). Ratios of expression levels of the alternative AG’ and canonical AG forms (AG’/ AG) were determined by RT-qPCR. A linear correlation between AG’/AG index
and RMSD is represented with an orange line. Orange spheres represent the RMSD value for each mutant. RMSD value is obtained from the alignment between wild-type
SF3B1 and the corresponding SF3B1 mutant using PyMOL. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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described, but little is known about their consequences on splicing
and their biological contribution to oncogenesis [45]. Here, we
addressed the functional and structural impact of SF3B1 recurrent
mutations in the hotspot region of the HEAT domain of SF3B1 to
determine whether these mutations equally impact the splicing
factor function, and thereby comparably contribute to tumorigen-
esis. This work is the first to compare the consequences of SF3B1
mutations on splicing in a homogeneous experimental context.

Our results indicate that all studied SF3B1 missense mutations
induce the expression of the aberrant form AG’, except for
SF3B1I665F. This finding could not be predicted by the in-silico
algorithms based on the structural and physico-chemical
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characteristics, but rather by the SBT scores highlighting the aber-
rant splice pattern as a reliable marker of functional impact of
SF3B1 mutations. Our results also show variations in the intensity
of the induced aberrant splice pattern between the SF3B1 muta-
tions, suggesting a variable functional impact of the mutants.
These data are in line with recent findings suggesting a differential
usage of cryptic 30ss between SF3B1K700E and SF3B1R625H mutations
in different tumor samples [25].

Our molecular visualization analysis suggests that R625H and
K666T induce a loss of proximity to the pre-mRNA. Indeed, a sub-
stitution of an arginine by a histidine at position 625 may result in
steric clash that would prevent intramolecular hydrogen bonds in
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which R625 is involved [22]. Similarly, regarding K666T, the hydro-
xyl group of threonine could be a target of post-translational
modifications, therefore may prevent intramolecular hydrogen
bonds in which K666 is also involved. Substitutions of these resi-
dues may lead to a conformational change in the U2 snRNP com-
plex, which would decrease or alter the interaction of SF3B1 with
pre-mRNA and other components such as Prp5, p14 and splicing
factors like U2AF65. This could lead to alternative BP recognition
and subsequent cryptic 30ss selection giving rise to aberrant tran-
script expression [8,29,30,46]. It has been shown that K700E has
no impact on the stability of SF3b-U2AF65 complex, and does not
decrease its affinity towards pre-mRNA, suggesting that other
spliceosomal proteins may be involved in the mechanism [22].
Recently, the 3D cryo-electron microscopy structure of the human
17S U2 snRNP showed that human PRP5 (DDX46) encompasses the
entire HEAT domain of SF3B1 in U2 snRNP to facilitate the forma-
tion of a stable U2–BP interaction [46]. SF3B1 mutations may
induce a change in the curvature of the HEAT domain, resulting
in the destabilization of the SF3B1–PRP5 interaction [46]. Such
destabilization may lead to the selection of aberrant BP with higher
base-pairing affinity to U2 snRNP and subsequently the recognition
of aberrant 30 ss. Zhang et al. demonstrated that K700E disrupts
SF3B1 interaction with another splicing factor called SUGP1,
resulting in splicing defects and production of aberrant mRNA
[19]. Moreover, residues (529–880 AA) within HEAT repeats of
SF3B1 are exposed to solvent supporting that hotspot mutations
may disrupt SF3B1 interactions with other splicing factors altering
its selectivity for BP [22]. In contrast, I665F mutation does not
induce the aberrant splice pattern even though it is adjacent to
K666T hotspot mutation. Actually, isoleucine and phenylalanine
at position 665 are both oriented towards the protein surface,
implying that isoleucine at position 665 would not have a key role
in the interaction of U2 snRNP complex with BP. Furthermore, the
hydrophobic side chain of isoleucine and phenylalanine may have
limited impact on the conformation of SF3B1 and would not
prevent its interaction with other spliceosomal proteins or SF3b
subunits. In addition to the key role of proximity of SF3B1 mutants
towards pre-mRNA, our findings indicate that the charge of amino
acid substitution is also determinant for the aberrant splice
pattern. Hence, we demonstrate that the codon position as well
as the type of substitution are both determinant for the burden
of the aberrant splice pattern induced by SF3B1 mutations.

Based on crystallography analysis, Cretu et al. reported that
many residues mutated in cancer cells (mostly clustered in HEAT
repeats H4-H7) are involved in the tertiary structure of SF3B1
[22]. Interestingly, our results suggest that all the studied SF3B1
mutations induce a conformational change at the N-terminal
domain of SF3B1, known to be the binding domain with other
splicing factors. A recent work demonstrated that TAT-SF1, which
is involved in the earliest stage of spliceosome assembly, interacts
with the N-terminal domain of SF3B1 to stabilize the SF3B1 open
conformation and must be displaced for a stable interaction
between U2 snRNP complex and BP sequences [46]. A conforma-
tional change at the N-terminal region of SF3B1 may destabilize
the removal of TAT-SF1, diminishing the interaction of SF3B1 with
pre-mRNA and leading to the selection of alternative BP sequences
that causes expression of aberrant transcripts [46]. Moreover, our
data imply that the extent of the conformational change in the
N-terminal domain correlates positively with the intensity of aber-
rant splice pattern.
5. Conclusions

In conclusion, cancer-associated SF3B1 mutations may present
different functional consequences, and thereby varying pathogenic
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impact and prognosis potentials, depending on the position and
the type of the amino acid substitution. Our study highlights also
the aberrant splice pattern as a reporter of the functional impact
of mutations of SF3B1 or other splicing genes and exposes the
limits of in-silico prediction tools. Further work is required to
understand the molecular mechanism by which SF3B1 HEAT
domain tolerates conformational changes induced by missense
mutations to develop clinical applications in UM and other dis-
eases harboring SF3B1 mutations.
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