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Online Supplementary Methods 

Amplicon sequencing 
Amplicon sequencing was used to perform a mutation

screen in 154 cases of MDS using a 22-gene panel. We
sequenced all coding exons for ZRSR2, TP53, DNMT3A,
EZH2, RUNX1, CEBPA and TET2. This included mutation
data for TET2 for 142 cases that were available from our pre-
viously published study.1 Mutational hotspots were specifical-
ly sequenced for SF3B1, SRSF2, U2AF1, ASXL1, CCBL, FLT3,
NRAS, KRAS, JAK2 exon12/14, IDH1, IDH2, BRAF, MPL, C-
KIT and NPM1 in all cases. Gene hotspot regions were select-
ed based on previously published data and frequency of the
mutations shown in the COSMIC database (Online
Supplementary Table S2). In addition, all coding exons of SF3B1
were sequenced for all 24 RARS/RCMD-RS patients. SRSF2,
U2AF1 and ZRSR2 genes were amplified by using polymerase
chain reaction (PCR) primers published previously.2 PCR
primers for all the genes are shown in Online Supplementary
Table S3. The PCR and sequencing methodology have been
described previously.1 The average sequencing coverage
across all genes was 200X and >90% of the coding regions
had a coverage of >100X. This coverage enabled us to reliably
detect mutant clones down to ≥5-10% mutant allele burden,
defined as the proportion of sequence reads containing the
mutation. All mutations were confirmed through independ-
ent PCR and GS FLX sequencing/Sanger sequencing experi-
ments. For data relating to samples at/prior to transformation
to acute myeloid leukemia (AML), for which 454-amplicon
sequencing data were not available, relative peak intensity
from Sanger sequencing was used to estimate mutant allele
burden. The acquired status of novel mutations was also con-
firmed in 48/54 cases for whom constitutional source of DNA
was available: skin biopsy (n=27), CD3+ T cells (n=18) and
buccal swab (n=3) (Online Supplementary Table S6).

Exome sequencing 
Eight patients (5 RARS, 1 RARS-T, 1 RCMD-RS and 1

tMDS) with >50% ringed sideroblasts were selected for
whole-exome sequencing, using DNA from CD34+ cells in all
cases and paired constitutional source [skin (n=3 ),  CD3+ T

cells (n=3 ) and CD34-CD235+ (n=1)] (Online Supplementary
Table S3). The exomic regions of the genome were enriched
using Agilent SureSelect Human All Exon Kit covering
approximately 50 Mb of the genome. This was followed by
paired-end sequencing with a read length of 75 bp using
Illumina HiSeq 2000 and version 3 chemistry.  The base calls
generated by the real time analysis (RTA) or the off-line base-
caller (OLB) software were de-multiplexed and converted to
fastq format using Casava 1.8. Alignment (NCBI37/Hg19) and
variant calling for single nucleotide polymorphisms (SNP) and
Indels was performed using both Casava 1.8 (Illumina), and
BWA/GATK according to the Broad Institute best practices.
Annovar software3 was used for functional annotation of all
variants and also to remove SNP reported in the 1000
Genomes Project, dbSNP132, and genomic super duplications
databases. For Casava, remaining variants with a quality score
of >QSNP 25 and with a mutant read depth of >1 (total read
depth >6) were passed for further analysis. A repeat sequenc-
ing run was also used to filter out sequencing artefacts in case
of which candidate mutations supported in both runs were
passed. For GATK, variants were selected that passed stan-
dard filtering, Additionally, variations present in available
paired skin and CD3+ T-cell samples at greater than 20% or
50% the level found in CD34+ tissue were designated
germline and excluded from subsequent analysis of acquired
mutations.  Data from both pipelines were largely in agree-
ment for filter-passed variants and variant depth >1. Any dis-
crepancies between the two pipelines at this level were later
confirmed to be artefactual calls. 

PCR and Sanger sequencing were used to validate selected
candidate mutations. An ExoSAP-IT purification kit was used
for the purification of PCR products. Sequencing was per-
formed using a Big Dye Terminator V 3.1 kit, according to the
manufacturer’s protocol. Sanger sequencing was performed
using an ABI3010xl (Applied Biosystems) and the sequencing
results were analyzed by SeqScape software.

Statistical analysis
The characteristics of the study population were studied

with appropriate statistical methods (Mann-Whitney test for
continuous variables and Fisher’s exact test for categorical



variables) comparing patients with specific mutations versus
cases without mutations. Clinical characteristics, survival and
time to progression to AML were updated to January 2012 and
measured from time of sample collection (N=123) or diagnosis
(N=31) at King’s College Hospital. The median disease duration
prior to sample analysis for 123 patients was 11 months (range,
1-119 months): during this period 29 patients showed disease
progression (upstaging of WHO category) of whom 10 were
treated with either intensive chemotherapy or 5-azacitidine.

The Kaplan-Meier estimate was used to evaluate time to sur-
vival and time to progression. The log-rank test was used to
assess potential differences in outcome between subgroups. A
P-value of ≤0.05 was considered statistically significant.

Online Supplementary Results 

Exome sequencing reveals common SF3B1 mutations 
in patients with refractory anemia and ringed sideroblasts

Whole exome sequencing (Illumina) was performed on
CD34+ cells from eight patients all of whom had >50% ringed
sideroblasts: five with RARS, one with RARS-T, one with
RCMD-RS and one with therapy-related MDS (Online
Supplementary Table S3). Paired constitutional DNA from skin (3
cases) or CD3+ T cells (3 cases) was similarly sequenced. An
average of 8 Gbp of sequence data was generated per patient
exome and processed using both the Casava 1.8 (Illumina) and
Broad Institute ‘Best practise’ pipelines, supplemented with
additional software tools as detailed in the Design and
Methods. Functional variants not found in dbSNP132 or 1000
genomes databases were subsequently collated.

Aberrations in one particular gene, splicing factor 3b subunit
1 (SF3B1), a component of the major and minor spliceosomes,

initially stood out because of its high frequency across all
patients (7 of 8 cases). Importantly, a TP53 mutation was
observed in a single case with therapy-related MDS who had
wild-type SF3B1. Furthermore, mutations in epigenetic factors
including TET2 and DNMT3A were found in three cases with
SF3B1 aberrations. Validation of these selected mutations in
available paired skin biopsy or CD3+ T-cell samples by Sanger
sequencing led to the confirmation of the acquired nature of
these mutations. For six patients with paired samples, an addi-
tional 61 patient-specific mutation candidates (10 per patient
exome on average) were identified and selectively validated via
Sanger sequencing (Online Supplementary Tables S4 and S5).

SF3B1 mutations persist through differentiation 
Initially CD34+ cell samples (n=8) were subjected to exome

sequencing and subsequent screening/confirmation of SF3B1
mutations was performed on total bone marrow cells. We also
quantified the mutation load in CD34+, total CD3+ T cells,
CD3+CD4+ T cells, CD19+ B cells, CD235+CD71+ erythroblasts
and CD34-CD3-CD235- for three additional patients in whom
SF3B1 mutations were detected in total bone marrow cells.
CD235+CD71+ erythroblasts and CD34-CD3-CD235- cells
showed approximately the same SF3B1 mutant allele burden
(according to Sanger sequencing) as seen for paired total bone
marrow and CD34+ cells. Importantly, no SF3B1 mutation was
detected above background in CD3+ T cells, CD3+CD4+ T-cells
or CD19+ B cells according to Sanger sequencing (3/3 mutant
patients), indicating that the mutant clone has a growth advan-
tage only in the myeloid lineage in MDS. Mutant SF3B1 was
not detected in any available paired skin biopsy samples, con-
firming the acquired nature of these mutations.  
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Online Supplementary Table S1. Treatments received by 154
patients. †Denotes other treatments which include: lenalidomide,
thalidomide, cyclosporine and antithymocyte globulin (ATG).
*Includes 13 patients who had HSCT after receiving 5-azacitidine.

Online Supplementary Table S2. Genes screened for hotspot mutations. Mutation frequency within the hotspot regions was obtained
from the Cosmic database (Welcome Trust Sanger Institute, http://www.sanger.ac.uk/genetics/CGP/cosmic/).



Online Supplementary Table S3. Primers for 22 genes used for 454-sequencing. Primer names reflect exons being sequenced. Universal sequencing
primers for 2nd round PCR and Sanger sequencing are in lower case.
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Online Supplementary Table S4. Exome data processed through the CASAVA pipeline showing a complete list of somatic mutations in six MDS exomes. †SNV
present filtered out during the analysis as a result of low quality read or low read numbers.  
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Online Supplementary Table S6. A complete list of somatic missense and nonsense mutations in
117 MDS patients detected by 454-Roche NGS sequencing. †Denotes confirmed novel somatic
mutations found in our cohort of patients.*Denotes novel nonsense/splicesite mutations found in
samples in which a paired constitutional source of DNA was not available. ‡Denotes previously con-
firmed somatic mutations in the TP53 gene according to the International Agency for Research on
Cancer (IARC) TP53 database.   
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Online Supplementary Table S8. Multivariable analysis of overall survival. The variables included are age, WHO category, bone marrow
blasts, IPSS cytogenetic risk groups, transfusion dependency, SF3B1 mutations, NRAS mutations and TP53 mutations.

Table S7. Summary of mutations coexisting with mutant and wild-type spliceosome components in 117 patients. Mutations were grouped according to their
functional relevance; splicing factor mutations, SF3B1, SRSF2, U2AF1 and ZRSR2; epigenetic modifier mutations, TET2, IDH1/2, ASXL1, EZH2, and DNMT3A;
Cell signaling/transcription regulator mutations, FLT3, NRAS, C-KIT, RUNX1, CCBL, JAK2 and MPL; mutations in tumor suppressor TP53. The top half of the
table compares mutations in the grouped genes. The bottom half of the table indicates individual gene mutations coexisting with splicing factor mutations,
37 patients were wild-type for all genes present in our panel screen. Table cells indicate number of patients within mutant (white cells) or non-mutant (shad-
ed cells) spliceosome groups, followed by the percentage where appropriate.



Online Supplementary Figure S1. Frequency and distribution of various gene mutations in MDS patients as depicted by circos diagrams.9 The arc length
corresponds to the frequency of mutations in the relevant gene and the ribbon width corresponds to the percentage of the patients who have other coex-
isting mutations. Diagram showing the coexistent mutations between 22 individual genes (A). Diagram showing the coexistent mutations between splic-
ing factor genes (SF3B1, SRSF2, U2AF1, ZRSR2), epigenetic modifiers, cell signalling/transcription  regulators, TP53 and CEBPA (B). 

Online Supplementary Figure S2. Clonal evolution from MDS to AML with sequential acquisition of mutations. A normal hematopoietic stem cell (green
cell) acquires mutations in SF3B1 and TET2 genes during the early phase of MDS. Subsequently, one sub-clone harboring SF3B1 and TET2 mutations
acquires additional mutations in FLT3 and RUNX1 genes and evolves to become the dominant clone at transformation to AML. This is followed by fur-
ther clonal expansion during subsequent progression with an accompanying rise in blast count. There was a period of a transient morphological remis-
sion between day 125 and 198 due to chemotherapy, although samples were not available at the time of the transient remission. The internal areas
are representative of disease sub-clone size. Sample time points are indicated by vertical white lines representing  time of diagnosis (day 0), transfor-
mation to AML (day 125) and further disease progression after a short duration of morphological remission (day 198). The order in which SF3B1 and
TET2 mutations occur is unknown and only exampled here. 



Online Supplementary Figure S3. Progression-free survival for patients with SF3B1 mutations (n=24) compared with wild type SF3B1 (n=130) (A) and
progression-free survival for patients with spliceosome mutations (n=59) compared with patients without splicing factor mutations (n=99) (B).

Online Supplementary Figure S4. Overall survival (A) and progression-free survival (C) for patients with TP53 mutations (n=19) compared with wild-type
TP53 (n=135). Overall survival  (B) and progression-free survival (D) for patients with NRAS (n=9) compared with patients  without NRAS mutations
(n=145)
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Online Supplementary Figure S5. Overall survival (A) and progression-free survival (B) for patients with epigenetic modifier mutations  stratified
according to coexistence of splicing factor mutations with epigenetic  modifier mutations (n=36) or epigenetic modifier mutations alone (n=44).
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