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SF3B1 is a critical component of the
splicing machinery, which catalyzes the
removal of introns from precursor mes-
senger RNA (mRNA). Next-generation
sequencing studies have identified muta-
tions in SF3B1 in chronic lymphocytic
leukemia (CLL) at high frequency. In CLL,
SF3B1 mutation is associated with more

aggressive disease and shorter survival,
and recent studies suggest that it can be
incorporated into prognostic schema to
improve the prediction of disease pro-
gression. Mutations in SF3B1 are pre-
dominantly subclonal genetic events in
CLL, and hence are likely later events in
the progression of CLL. Evidence of

altered pre-mRNA splicing has been de-
tected in CLL cases with SF3B7 muta-
tions. Although the causative link between
SF3B1 mutation and CLL pathogenesis re-
mains unclear, several lines of evidence
suggest SF3B1 mutation might be linked
to genomic stability and epigenetic modi-
fication. (Blood. 2013;121(23):4627-4634)

Introduction

The advent of next-generation sequencing has been transformative for
understanding the molecular underpinnings of cancer, including the
blood malignancies. One of the most surprising findings arising from
the recent next-generation sequencing data has been the discovery of
mutated splicing factor 3bl (SF3BI) as a putative candidate driver
gene of the common lymphoid malignancy, chronic lymphocytic leu-
kemia (CLL). This discovery has been particularly revealing in CLL
because it had been long suspected that distinct subgroups of the
disease exist based on its highly variable clinical course, ranging from
indolent disease in some patients to a rapidly fatal course despite
aggressive therapy in others.' By now, massively parallel DNA
sequencing and targeted DNA sequencing have been undertaken
in >250 and 3800 CLL cases, respectively, and have consistently
identified SF3BI as one of the most frequently mutated genes in CLL
in 5% to 18% of patients, depending on the composition of the var-
ious cohorts in terms of the proportion of cases at presentation, at the
time of treatment or at disease progression.”* Contemporaneously,
a high frequency of mutation in SF3B1 was identified in a variant of
myelodysplastic syndrome (MDS) (refractory anemia with ringed
sideroblasts), suggesting that altered splicing may be an important
pathogenic mechanism in blood malignancies and cancer. Herein,
we review the emerging understanding of the impact of SF3BI
mutations on the clinical outcome of CLL patients and stepwise
transformation of CLL, and discuss the potential mechanisms by
which SF3B1 mutation is linked to the pathobiology of CLL.

Identification of mutated SF3B1 as a putative
CLL driver

Initial studies to characterize the mutational landscape of CLL using
whole-genome sequencing and whole-exome sequencing (WES)
unexpectedly revealed a high frequency of nonsilent heterozygous
mutations in CLL.>* Subsequent studies in CLL, summarized in
Table 1,3 -8 have confirmed that mutated SF3B1 consistently ranks

among the most commonly identified somatic mutations in CLL, to-
gether with other putative CLL-associated driver mutations in 7P53,
ATM, MYDS88, BIRC3, and NOTCHI1.

Because SF3B1 is a critical component of the splicing machinery,
the discovery of a high frequency of SF3B1 mutations in CLL has
highlighted the essential pathway (in which the introns from pre-
cursor messenger RNAs [pre-mRNAs] are removed) as involved in
CLL. Splicing is catalyzed by the spliceosome, which consists of
a set of small nuclear ribonucleoprotein particles (snRNPs), namely
Ul, U2, U4, U5, and U6, as well as numerous splicing factors.”
SF3B1 is an essential component of the U2 snRNP.

The vast majority of mutations in SF3B/ are localized to its highly
conserved C-terminal domain, which comprises 22 Huntington
Elongation Factor 3 PR65/A TOR (HEAT) repeats. As shown in
Figure 1, most mutations have been detected between the fifth to the
eighth HEAT repeats (encoded by exons 14-16), with K700E as
the most frequently mutated site (50% of reported cases). A second
hot spot has been detected at G742 (19%), with additional common
sites at K666 (12%) and H662 (4%). All of these hot-spot
mutations occur within highly conserved sequences, even to
Caenorhabditis elegans, suggesting that they occur in functionally
important regions. As aforementioned, SF3B] mutations have been
also predominantly identified in MDS (76% of patients with ringed
sideroblasts), and in breast (2%) and pancreatic cancers (3%),'%1 at
sites similar to those in CLL (ie, most commonly at K700E, Figure 1).
Of note, the G742D mutation is very rare in cancers other than CLL.
A separate recent exome sequencing study in uveal melanoma re-
ported an unexpectedly high frequency of mutations (18.6% of 102
cases) occurring exclusively at codon 625 of the SF3BI gene.'?
Altogether, these observations demonstrate that mutations at differ-
ent sites of SF3BI can be differentially enriched depending on the
specific cancer type, and suggest these mutations might have differ-
ent functional impact on the respective diseases. For CLL, the
striking positional clustering of SF3BI mutations suggests that they
are positively selected during CLL pathogenesis, and therefore are
most likely driver mutations in CLL. Consistent with the
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Table 1. Incidence of SF3B1 mutation in CLL varies depending on
disease status

Disease status Incidence (%) No. of subjects in cohort Reference

Newly diagnosed 3.6 360 5
5 301 3

9.3 1124 6

Firstline treatment 17 437 7
18.4 621 8

Treatment refractory 17 59 3

distribution of affected cancers, SF3BI is ubiquitously ex-
pressed, although at higher levels in cells from hematopoietic
lineages (Figure 2A).'® Compared with normal B cells, CLL cells
have increased SF3BI expression (Figure 2B).> DNA hypomethy-
lation in the gene body of SF3B1 has been observed in CLL
(Figure 2C),"” although it remains unclear whether this hypome-
thylation is related to the increased SF3B1 expression in CLL.
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Cases with mutated SF3B/ at the DNA level also have detectable
expression of the mutated transcript at the mRNA level (Figure 2D).

SF3B1 mutation is associated with poorer
clinical outcome

Two of the initial studies that reported associations with mutated SF3B1
and CLL were conducted using case cohorts that were heterogeneous
with respect to their clinical characteristics, and which were collected at
variable points in disease course.>* These studies found SF3BI muta-
tions to associate with poorer clinical outcome. Wang et al reported that
SF3BI1 mutation is significantly associated with an earlier time-to-
treatment initiation,2 while Quesada et al observed associations with
faster disease progression and shorter overall survival.* Importantly,
both studies found SF3B! mutation to provide independent prognostic
information from other known CLL prognostic markers, such as ZAP70
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Figure 2. SF3B1 expression and methylation in normal and CLL cells. (A) SF3B1 relative expression in different human tissues. (B) SF3BT1 relative expression in normal
B-cell subpopulations and CLL samples. CB, centroblast; CC, centrocyte. Data generated from Affymetrix HG-U133Plus2 arrays. (C) DNA methylation on SF3B1in CLL
samples with or without SF3B1 mutation and normal B cells. (D) Targeted pyrosequencing of a SF3B1 K700E site of cDNA from normal peripheral blood mononuclear cells
(top, NL PBMC) compared with cDNA from a CLL sample with known K700E mutation in SF3B7 (bottom). K700E mutation is generated from an A2098G transition on the
sense strand; this pyrosequencing assay was designed to detect the T to C transition at the corresponding site on the antisense strand. cDNA, complementary DNA. Panel A
adapted from the Novartis Gene Atlas'® with permission. Panel B adapted from Rossi et al® with permission. Panel C adapted from Kulis et al'” with permission.

expression, IGHV mutational status, and cytogenetic aberrations.>*
Rossi et al identified that SF3B] mutations were associated with
more advanced disease, as 17% of fludarabine-refractory cases had
SF3BI mutations, compared with 5% of cases at diagnosis.”

More recent studies have provided a consistent picture that SF3B1
mutation is associated with more aggressive disease and poorer
clinical outcome (summarized in Table 1 and Table 277-10:11:18-23y
Greco et al found that SF3B1 mutations were present in only 1.5% of
individuals with the CLL precursor condition, monoclonal B-cell
lymphocytosis.'® Consistent with these reports, Mansouri et al ex-
amined 360 newly diagnosed Scandinavian patients, and identified
only a small percentage of cases with mutated SF3BI (3.6%).°
However, multivariate analysis revealed that those patients harboring
SF3B1 mutation demonstrated significantly worse overall survival
and earlier time to treatment. Independently, a large study of 1124
newly diagnosed CLL patients from the German CLL Study
Group (GCLLSG) has confirmed that SF3B1 mutations associate
with a shorter time to first therapy, and with unmutated IGHYV status.®
An analysis of ~500 cases from a prospective and controlled
clinical trial (the UK LRF CLL4 trial) demonstrated a high rate of
SF3BI mutation (17%) in patients requiring frontline treatment,
and that presence of mutation associated with significantly worse

overall survival and with a trend toward shorter progression-free
survival.” Finally, a recent analysis of cases enrolled in the GCLLSG
CLLS trial, in which patients were randomized to firstline therapy
with either the combination of fludarabine and cyclophosphamide
alone or with rituximab demonstrated that while SF3BI mutations
did not impact response to therapy, they were associated with
significantly lower progression-free survival and a trend toward
inferior overall survival.®

Taken together, these findings suggest that a molecular marker
such as SF3BI mutation can potentially help refine the existing
framework for prognostication in CLL. The current gold standard
uses common fluorescence in situ hybridization (FISH) cytogenetic
abnormalities, and includes favorable cytogenetic abnormalities such
as del(13q), and poorer features such as trisomy 12, del(11q), and
del(17p).>* Recently, Rossi et al evaluated the potential of muta-
tions in SF3BI, NOTCHI, and BIRC3 to more finely stratify pa-
tients into different risk groups beyond what could be achieved
with FISH cytogenetics alone.” In this integrated analysis of muta-
tions and cytogenetics, patients with SF3B] mutation and/or NOTCH1
mutation and/or del(11q) were classified into the intermediate-risk
group with 37% 10-year survival. Although SF3BI mutation does
not confer the same degree of poor prognosis as TP53 mutation,’
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Table 2. Associations of SF3B1 mutation in patients with CLL and MDS

Initial discovery of Association with a

Disease association, reference disease subtype Further clinical associations Clonal status
CLL 2 del(11qg)®® o Shorter treatment-free or overall survival®*&7:18 Predominantly subclonal:
3 o Faster disease progression®+518 likely a later event'®
4 o Fludarabine refractoriness®
MDS 10 Refractory anemia with ring o Longer event-free or overall survival''2'23 Predominantly clonal:
11 sideroblasts'®11:20-22 o Lower risk of evolution into AML2" likely an earlier event®'

these results overall demonstrate that SF3B/ mutation status can
improve the accuracy of prediction of disease progression in
combination with conventional biologic markers.? Interestingly,
a recent analysis shows that CLL patients with poor prognostic
markers, such as SF3BI, TP53, and NOTCHI mutation, do not
show decreased 6-year survival after reduced-intensity allogeneic
hematopoietic stem cell transplantation (HSCT), demonstrating
these mutations do not have high impact on the long-term disease
control of HSCT.?®

SF3B1 and the temporal order of mutations
in CLL

The genetic studies described above consistently demonstrate that
mutated SF3B1 is associated with poor prognosis. We considered
that the common cytogenetic abnormalities in CLL can often be
present in only leukemia cell subpopulations and yet still
hold prognostic significance. For example, up to 80% of CLL
samples have detectable FISH abnormalities, and multiple FISH
abnormalities often occur at varying frequencies within the same
bulk sample, implying the coexistence of subclones harboring
different chromosome-level changes. Acknowledgment of the
existence of subpopulations harboring prognostically significant
cytogenetic abnormalities raises the question of whether and how
specific genetic alterations, including driving somatic mutations,
such as SF3BI, that are present within subclones, can impact
clinical course.

Recently, whole-genome sequencing and WES studies have
provided the opportunity to address this question, as subpopu-
lations can be detected and tracked at unprecedented resolution
through identification and clustering of mutations with similar
allelic frequencies.?”*® Using this approach, a striking degree of
intratumoral heterogeneity has been detected across blood
malignancies.’*° In the case of CLL, Schuh et al performed
whole-genome sequencing on sequential samples collected from
3 CLL cases over the course of years and following various
treatments to investigate clonal evolution of somatic mutations
in CLL. Their longitudinal analysis revealed that the clonal evo-
lution patterns between individual patients are quite heteroge-
neous.’’ Specifically, a remarkable equilibrium among leukemia
subpopulations over the course of years, even in the presence of
cytoreductive therapy, was observed in some cases, while ac-
quisition of new mutations and change in the percentage of af-
fected cells over time was observed in others. These data suggest
that subclonal mutations expand over time as a function of their
fitness-integrating intrinsic factors (eg, proliferation and apoptosis)
and extrinsic pressures (eg, interclonal competition and therapy).*
In a separate analysis, Landau et al developed an analytic approach
to enable the study of clonal evolution of CLL using WES data. In
this study, WES and copy number data were integrated to estimate

the fraction of cancer cells harboring each somatic mutation, and
this approach was applied to study clonal evolution of somatic
mutations in 149 CLL samples.'

Analysis of the clonal and subclonal mutations in this large
CLL series by Landau et al revealed that SF3BI is typically
a subclonal mutation and hence likely a later event in the
progression of CLL.'® This result was inferred by comparing
the aggregate frequencies of recurrent driver mutations across
this large series of cases. Focusing on a set of 24 CLL driver
events that were derived by performing a significance analysis
for frequent somatic single nucleotide variants and recurrent
somatic copy number alterations, Landau et al inferred the
fraction of cancer cells and the percentage of clonality of these
driver events across 149 samples.'® As shown in Figure 3A,"
3 driver mutations (MYDS88 [n = 12 samples], trisomy 12 [n =
24], and heterozygous del(13q) [n = 62]) were clonal in 80% to
100% of samples, a significantly higher level than for other
driver events (q < 0.1), suggesting that they arise earlier in
typical CLL development. Moreover, in CLL samples that
harbored 1 of these 3 early driver mutations, additional driver
alterations were found at either similar or lower cancer cell
fraction (CCF) suggesting that the proposed order of events
holds across individual patients, not only in aggregate. Other
drivers (eg, ATM, TP53, and SF3BI) were often observed at
subclonal frequencies, indicating that they often arise later in
leukemic development. Analysis of co-occurrence of the 19
SF3B1 mutations within this cohort with other driver alter-
ations revealed that SF3BI was subclonal in 10 of 19 cases
(53%). In 7 of 10 cases (70%), subclonal SF3BI was present
together with clonal del(13q), and in 3 of 10 cases (30%), with
clonal del(11q) (Figure 3B). These data together suggest that
mutations that selectively affect B cells may contribute more to
the initiation of disease and precede selection of more generic
cancer drivers that underlie disease progression.

Within this conceptual framework, SF3B/ mutations are mostly
subclonal and these results suggest that SF3B] mutations are not
typically initiators of CLL, but rather promoters of disease pro-
gression. As such, it is likely that SF3B] mutations cooperate with
other mutations to affect CLL. Consistent with this framework,
Landau et al assessed the evolution of somatic mutations in 18
patients, in which data from 2 distant time points were available.'
Clonal evolution was observed in 11 of 18 patients (10 of 12 who
received intervening treatment, but only 1 of 6 without intervening
treatment, P = .012) and confirmed that subclonal mutations (eg,
del(11q), SF3BI and TP53) shifted toward clonality over time
(Figure 3C).

One notable observation by Landau et al from the analysis of
these 18 longitudinally studied cases was that the presence of
subclonal driver mutations (defined by CLL significance analysis'®
or by mutations within highly conserved sites of genes within the
Cancer Gene Census>) in the pretreatment sample appeared to be
indicative of clonal evolution. Further analysis of the 149 patients



BLOOD, 6 JUNE 2013 * VOLUME 121, NUMBER 23 SF3B1 MUTATIONS IN CLL 4631
Figure 3. SF3B1 mutation is a predominantly sub- Higher rate of clonal
clonal event in CLL. (A) Percentage of the mutations A I’regquencies, q<0.1 Clonal I Subclonal
classified as clonal (orange) and subclonal (blue) for 100 i *
each putative CLL driver, within a cohort of 149 CLL - . . .
cases. The number of cases (n) affected by each genetic
alteration is shown (*Drivers with q value < 0.1 for a (yo
higher proportion of clonal mutations compared with the
entire CLL drivers set). (B) Analysis of co-occurrence of
the 19 SF3B1 mutations within 149 CLL cases with 0
other driver alterations. Top bar shows the color T T L2 T T J T T T ¥ T T T T T ¥
representation of CCF. (C) Joint distributions of CCF 3 T § 5 - = ‘_‘E r-a s = A § §
values across 2 time points using clustering analysis Q b o 2k o K -3 82 sac< ET X =
(see Landau et al for method'®). Red denotes a mutation E % S EE g % ol 8 E E & a E :E S % EE @ 5
that had an increase in CCF of >0.2 (with probability =
>0.5). The dotted diagonal line represents CCF values =z S|l 8 g 2R Ml 28 e T &8
that were identical across the 2 time points. The dotted o
parallel lines denote the 0.2 CCF interval on either side. B CCF C No evolution
Panel A adapted from Landau et al'® with permission. o e
— o8r
£ del(13q) M [=——— 06k
& del(iia) AT '
5 Tri12 |—] 04k
S T = :
8 Norcar 111 = ~ 927 scp2  CLLO30
@  MYD88 (] £ L L L e
> delsp) - 1 8 2 .
B amm = b Evolution dt?.l{13q)
® POT1I 1] O E 1 del
o 1L = SF3B1
S CHD2 0 w 08fF (11q)
E NRAS 1] G .
> HISTIHE ] O 06f
€ BCOR 0
S | 0 0.4}
= MED12 A 1]
B o] H i CLLO040
@ ooxax -{[HII1] 0 —

revealed that presence of subclonal (but not clonal) driver muta-
tions, such as SF3B1, was indeed associated with poorer clinical
outcome, and was independent of confounding factors such as
IGHV mutation status, the identity of driver mutations and pres-
ence of cytogenetic abnormalities.'® Thus, an important finding
with potential clinical implications is that detection of subclonal
(but not clonal) driver mutations such as SF3B/ marks ongoing
clonal evolution, which is in turn associated with more aggressive
disease in CLL.

Potential functional effects of SF3B1
mutations in CLL

At present, it remains unclear how SF3B/ mutation impacts CLL
at the cellular level. However, it is constructive to consider the
known cellular functions of SF3B1, as these might offer important
clues. SF3B1 is an essential component of U2 snRNP, which
contains U2 small nuclear RNA and ~20 proteins that associate in
a highly organized complex. As shown in Figure 4A, SF3B1
directly interacts with both the 5’ and 3’ sides of the branch point
sequence (BPS) (Figure 4A). In addition to the components within
the U2 snRNP, SF3B1 also interacts with other proteins in the
spliceosome. For instance, SF3B1 directly interacts with U2AF2,
which binds to the polypyrimidine tract (PY tract) adjacent to the
SE3B1 binding site.*** It has been suggested that such multiple
interactions are crucial for the recognition and stabilization of the
spliceosome at the 3’ splice sites.’® In fact, the formation of
a duplex between the U2 small nulcear RNA and the BPS is an
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early step in the splicing pathway (Figure 4A), and results in the
bulging of a conserved adenosine in the BPS. This adenosine is
used as the nucleophile for the first catalytic step of the splicing
reaction (Figure 4B).° The rough structure of the C-terminal 22
HEAT repeats domain of SF3B1 has been characterized by single-
particle electron cryomicroscopy techniques, and these studies
suggest that the HEAT repeats region might undergo significant
conformational change during the formation of the U2 snRNP
complex’”*® Quesada et al constructed a tentative homology
model of the C-terminal domain of SF3B1.* According to this
model, the mutation hot spots in SF3B1 seem to cluster at the inner
surfaces of the structure, at the supposed sites of interaction with
RNA and cofactors. These characterizations suggest that mutation
in SF3BI could possibly mediate alteration in its normal function
through change in the physical interactions of SF3B1 with its
binding partners.

Consistent with the critical role of SF3B1 in splicing,
evidence of altered splicing has been detected in CLL cases
with SF3BI mutations. Wang et al reported intron retention in
known target genes of spliceosome inhibition.>*** Quesada
et al compared splicing in CLL cases with and without mutated
SF3BI by exon arrays and RNA sequencing. They detected
relatively few transcripts with altered splicing in CLL cases
with mutated SF3BI, suggesting that the SF3BI mutation does
not exert a global effect on splicing, but rather only affects few
specific target transcripts.* Of note, the differential splice site
usage identified by RNA sequencing found previously de-
scribed 5’ splice sites but novel 3’ splice sites, consistent with
the crucial function of SF3B1 in the interaction between the U2
snRNP and BPS, close to the 3’ splice site.* One of the identified
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Figure 4. SF3B1 is an essential component in U2 snRNP and crucial for RNA splicing. (A) SF3B1 lies within the U2 snRNP and interacts with the 5’ and 3’ adjacent sites
of the BPS, a critical splice site motif. PY tract, polypyrimidine tract. (B) A schematic of the stepwise process of pre-mRNA splicing.

splicing variants associated with mutant SF3B1 affects the FOXP1
forkhead transcription factor, and expression of truncated FOXP1
variants has been implicated in diffuse large B-cell lymphoma.*!
This observation suggests that the splicing variants associated with
SF3BI mutation might affect factors involved in malignant
transformation of B cells.

One hint of the potential impact of SF3B/ mutation on CLL
comes from the observation that SF3B/ mutation significantly co-
occurs with del(llq).2 As the minimal deleted region of 11q(del)
contains the ATM gene, one intriguing possibility is that SF3B] muta-
tion could alter responses to DNA damage.2 In support of this idea,
te Raa et al demonstrated that CLL samples with SF3B/ mutation
show decreased expression of P53 target genes in response to
irradiation, resembling CLL samples with ATM mutation or del
(119).** Of note, a large unbiased small interfering RNA screen
identified a group of splicing factors, including multiple components
in U2 snRNP, as key factors involved in DNA damage response.*?
These results implicate a general role of splicing in maintenance of
genomic stability.

These observations suggest that SF3B/ mutation might have
broader functions beyond RNA splicing alone. An open question
is whether such effects are mediated through splicing variant
intermediaries or other direct effects (schematically shown in
Figure 5). For example, gene expression involves a highly
complex network of interactions, and splicing is coupled with

other steps in gene expression, such as transcription, capping,
polyadenylation, and mRNA nuclear export.** Thus, mutations in
splicing factors, such as SF3BI, might affect gene expression
through mechanisms other than splicing itself. Recently, Ramsay
et al reported frequent somatic mutations in components of the
RNA processing machinery in CLL, raising the question of
whether disruption of not only splicing but also the entire RNA
processing pathway might be involved in CLL.*

Finally, heterozygous Sf3b1 knockout mice show decreased
interaction with the Polycomb protein Zfp144 and manifest
defects in bone development concomitant with ecotopic expres-
sion of Hox genes. These associations suggest a potential role of
SF3BI in epigenetic modification.*® Recently, Kulis et al reported
global DNA hypomethylation in CLL, and demonstrated a
significant role of epigenetic alteration in the disease.'” It is
conceivable that SF3B/ mutation might also lead to some
epigenetic modifications, which impacts CLL, but this has yet
to be fully demonstrated.

SF3B1 mutations in MDS

SF3B1 mutation in MDS has been extensively reviewed recent-
ly.*”*8 In striking contrast to CLL, SF3B] mutations in MDS are
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Figure 5. The potential impact of mutated SF3B1
on the pathobiology of CLL.

RNA
Polymerase

Nucleosome

I

Alterations in:

0
L * Splicing
¢ RNA metabolism
(transcription,
elongation,
polyadenylation,
mRNA export)
ngUtate1d « Epigenetic
WP F3B modification
Messenger U2 on®
2
5™ Exon
Spliceosome
associated with favorable prognosis and appear to be mostly
clonal events in MDS (Table 2). The basis of these differences Acknowledgments

between MDS and CLL are currently unknown. SF3B/ muta-
tions are highly prevalent in a mild MDS variant with presence
of ring sideroblasts. Visconte et al reported that bone marrow
aspirates of Sf3b1 heterozygous knockout mice show ring
sideroblasts, suggesting that SF3B1 haploinsufficiency leads
to the formation of ring sideroblasts.*® Despite this finding,
whether SF3B1 mutations cause loss of function in MDS remains
unclear.

Conclusion

SF3B1 mutation is associated with rapid disease progression
and shorter survival in CLL, which can be used as a prognosis
marker to improve the prediction of disease progression. In CLL,
SF3B1 mutations are mostly subclonal events, and therefore likely
involved in disease progression. Dedicated efforts are now
required to investigate the causative link between SF3B/ mutation
and CLL pathogenesis. Mutated SF3BI might be a good
therapeutic target for the treatment of CLL if the underlying
mechanism of the functional impact of SF3B1 in CLL can be
clarified.

References

The authors thank Robin Reed and Angela Brooks for critical reading
of this manuscript. They also thank Peter Stojanov for analysis data.
Y.W. is supported by a fellowship from the Leukemia and Lympho-
ma Society. C.J.W. acknowledges support from the Blavatnik Family
Foundation, the Lymphoma Research Foundation, and the National
Institutes of Health National Heart, Lung, and Blood Institute
(IRO1HL103532-01, 1IRO1HL116452-01) and National Cancer Institute
(IRO1CA155010-01A1), and is a recipient of a Leukemia Lymphoma
Translational Research Program Award and an American Association of
Cancer Research: Stand Up To Cancer Innovative Research Grant.

Authorship

Contribution: Y.W. and C.J.W. conceived the article and wrote the
manuscript.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Catherine J. Wu, Dana-Farber Cancer Insti-
tute, Harvard Institute of Medicine, Room 420, 77 Avenue Louis
Pasteur, Boston, MA 02115; e-mail: cwu@partners.org.

1.

Chiorazzi N, Rai KR, Ferrarini M. Chronic lymphocytic
leukemia. N Engl J Med. 2005;352(8):804-815.

Wang L, Lawrence MS, Wan Y, et al. SF3B1 and
other novel cancer genes in chronic lymphocytic
leukemia. N Engl J Med. 2011;365(26):
2497-2506.

Rossi D, Bruscaggin A, Spina V, et al. Mutations
of the SF3B1 splicing factor in chronic lymphocytic
leukemia: association with progression and
fludarabine-refractoriness. Blood. 2011;118(26):
6904-6908.

Quesada V, Conde L, Villamor N, et al. Exome
sequencing identifies recurrent mutations of the

splicing factor SF3B1 gene in chronic lymphocytic
leukemia. Nat Genet. 2012;44(1):47-52.

. Mansouri L, Cahill N, Gunnarsson R, et al.

NOTCH1 and SF3B1 mutations can be added to
the hierarchical prognostic classification in chronic
lymphocytic leukemia. Leukemia. 2013;27(2):
512-514.

. Jeromin S, Haferlach C, Bayer K, et al. SF3B1

mutations have adverse impact on time to
treatment especially in patients with 13q deletions:
a study on 1,124 chronic lymphocytic leukemia
(CLL) patients. Blood (ASH Annual Meeting
Abstracts). 2012;120(21):Abstract 709.

. Oscier DG, Rose-Zerilli MJ, Winkelmann N, et al.
The clinical significance of NOTCH1 and SF3B1
mutations in the UK LRF CLL4 trial. Blood. 2013;
121(3):468-475.

. Stilgenbauer S, Busch R, Schnaiter A, et al. Gene
mutations and treatment outcome in chronic
lymphocytic leukemia: results from the CLL8 Trial.
Blood (ASH Annual Meeting Abstracts). 2012;
120(21):Abstract 433.

. Wahl MC, Will CL, Lihrmann R. The
spliceosome: design principles of
a dynamic RNP machine. Cell. 2009;136(4):
701-718.


mailto:cwu@partners.org

4634

10.

20.

21.

22.

WAN and WU

Yoshida K, Sanada M, Shiraishi Y, et al. Frequent
pathway mutations of splicing machinery in
myelodysplasia. Nature. 2011;478(7367):64-69.

Papaemmanuil E, Cazzola M, Boultwood J, et al;
Chronic Myeloid Disorders Working Group of
the International Cancer Genome Consortium.
Somatic SF3B1 mutation in myelodysplasia with
ring sideroblasts. N Engl J Med. 2011;365(15):
1384-1395.

. Graubert TA, Shen D, Ding L, et al. Recurrent

mutations in the U2AF1 splicing factor in
myelodysplastic syndromes. Nat Genet. 2012;
44(1):53-57.

. Cancer Genome Atlas Network. Comprehensive

molecular portraits of human breast tumours.
Nature. 2012;490(7418):61-70.

Biankin AV, Waddell N, Kassahn KS, et al;
Australian Pancreatic Cancer Genome Initiative.
Pancreatic cancer genomes reveal aberrations in
axon guidance pathway genes. Nature. 2012;
491(7424):399-405.

Harbour JW, Roberson ED, Anbunathan H,
Onken MD, Worley LA, Bowcock AM. Recurrent
mutations at codon 625 of the splicing factor
SF3B1 in uveal melanoma. Nat Genet. 2013;
45(2):133-135.

Novartis Gene Atlas. BioGPS website. http:/
biogps.org/#goto=genereport&id=23451.
Accessed February 15, 2013.

Kulis M, Heath S, Bibikova M, et al. Epigenomic
analysis detects widespread gene-body DNA
hypomethylation in chronic lymphocytic leukemia.
Nat Genet. 2012;44(11):1236-1242.

. Greco M, Capello D, Bruscaggin A, et al. Analysis

of SF3B1 mutations in monoclonal B-cell
lymphocytosis. Hematol Oncol. 2013;31(1):54-55.

Landau DA, Carter SL, Stojanov P, et al.
Evolution and impact of subclonal mutations in
chronic lymphocytic leukemia. Cell. 2013;152(4):
714-726.

Visconte V, Makishima H, Jankowska A, et al.
SF3B1, a splicing factor is frequently mutated in
refractory anemia with ring sideroblasts.
Leukemia. 2012;26(3):542-545.

Malcovati L, Papaemmanuil E, Bowen DT, et al;
Chronic Myeloid Disorders Working Group of the
International Cancer Genome Consortium and
of the Associazione ltaliana per la Ricerca

sul Cancro Gruppo ltaliano Malattie
Mieloproliferative. Clinical significance of SF3B1
mutations in myelodysplastic syndromes and
myelodysplastic/myeloproliferative neoplasms.
Blood. 2011;118(24):6239-6246.

Patnaik MM, Lasho TL, Hodnefield JM, et al.
SF3B1 mutations are prevalent in myelodysplastic
syndromes with ring sideroblasts but do not hold
independent prognostic value. Blood. 2012;
119(2):569-572.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Makishima H, Visconte V, Sakaguchi H, et al.
Mutations in the spliceosome machinery, a novel
and ubiquitous pathway in leukemogenesis.
Blood. 2012;119(14):3203-3210.

Déhner H, Stilgenbauer S, Benner A, et al.

Genomic aberrations and survival in chronic
lymphocytic leukemia. N Engl J Med. 2000;
343(26):1910-1916.

Rossi D, Rasi S, Spina V, et al. Integrated
mutational and cytogenetic analysis identifies new
prognostic subgroups in chronic lymphocytic
leukemia. Blood. 2013;121(8):1403-1412.

Dreger P, Schnaiter A, Zenz T, et al. TP53,
SF3B1, and NOTCH1 mutations and outcome of
allotransplantation for chronic lymphocytic
leukemia: six-year follow-up of the GCLLSG
CLL3X trial [published online ahead of print
Feburary 22, 2013]. Blood.

Nik-Zainal S, Van Loo P, Wedge DC, et al; Breast
Cancer Working Group of the International
Cancer Genome Consortium. The life history of
21 breast cancers. Cell. 2012;149(5):994-1007.

Carter SL, Cibulskis K, Helman E, et al. Absolute
quantification of somatic DNA alterations in
human cancer. Nat Biotechnol. 2012;30(5):
413-421.

Ding L, Ley TJ, Larson DE, et al. Clonal evolution
in relapsed acute myeloid leukaemia revealed by
whole-genome sequencing. Nature. 2012;
481(7382):506-510.

Egan JB, Shi CX, Tembe W, et al. Whole-genome
sequencing of multiple myeloma from diagnosis to
plasma cell leukemia reveals genomic initiating
events, evolution, and clonal tides. Blood. 2012;
120(5):1060-1066.

Schuh A, Becq J, Humphray S, et al. Monitoring
chronic lymphocytic leukemia progression

by whole genome sequencing reveals
heterogeneous clonal evolution patterns. Blood.
2012;120(20):4191-4196.

Wu CJ. CLL clonal heterogeneity: an ecology of
competing subpopulations. Blood. 2012;120(20):
4117-4118.

Futreal PA, Coin L, Marshall M, et al. A census of
human cancer genes. Nat Rev Cancer. 2004;4(3):
177-183.

Wang C, Chua K, Seghezzi W, Lees E, Gozani O,
Reed R. Phosphorylation of spliceosomal protein
SAP 155 coupled with splicing catalysis. Genes

Dev. 1998;12(10):1409-1414.

Gozani O, Potashkin J, Reed R. A potential role
for U2AF-SAP 155 interactions in recruiting U2
snRNP to the branch site. Mol Cell Biol. 1998;
18(8):4752-4760.

Reed R. Initial splice-site recognition and pairing
during pre-mRNA splicing. Curr Opin Genet Dev.
1996;6(2):215-220.

BLOOD, 6 JUNE 2013 - VOLUME 121, NUMBER 23

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Golas MM, Sander B, Will CL, Lihrmann R, Stark
H. Molecular architecture of the multiprotein
splicing factor SF3b. Science. 2003;300(5621):
980-984.

Golas MM, Sander B, Will CL, Lihrmann R, Stark
H. Major conformational change in the complex
SF3b upon integration into the spliceosomal
U11/U12 di-snRNP as revealed by electron
cryomicroscopy. Mol Cell. 2005;17(6):869-883.

Kotake Y, Sagane K, Owa T, et al. Splicing factor
SF3b as a target of the antitumor natural product
pladienolide. Nat Chem Biol. 2007;3(9):570-575.

Kaida D, Motoyoshi H, Tashiro E, et al.
Spliceostatin A targets SF3b and inhibits both
splicing and nuclear retention of pre-mRNA. Nat
Chem Biol. 2007;3(9):576-583.

Brown PJ, Ashe SL, Leich E, et al. Potentially
oncogenic B-cell activation-induced smaller
isoforms of FOXP1 are highly expressed in the
activated B cell-like subtype of DLBCL. Blood.
2008;111(5):2816-2824.

te Raa D, Derks IAM, Luijks DM, et al. SF3B1
mutations in CLL are equivalent to p53/ATM
dysfunction and cause defective Puma
upregulation in response to chemotherapy. Blood
(ASH Annual Meeting Abstracts). 2012;120(21):
Abstract 711.

Paulsen RD, Soni DV, Wollman R, et al. A
genome-wide siRNA screen reveals diverse
cellular processes and pathways that mediate
genome stability. Mol Cell. 2009;35(2):228-239.

Maniatis T, Reed R. An extensive network of
coupling among gene expression machines.
Nature. 2002;416(6880):499-506.

Ramsay AJ, Rodriguez D, Villamor N, et al.
Frequent somatic mutations in components of the
RNA processing machinery in chronic lymphocytic
leukemia [published online ahead of print
November 28, 2012]. Leukemia.

Isono K, Mizutani-Koseki Y, Komori T, Schmidt-
Zachmann MS, Koseki H. Mammalian polycomb-
mediated repression of Hox genes requires the
essential spliceosomal protein Sf3b1. Genes Dev.
2005;19(5):536-541.

Cazzola M, Rossi M, Malcovati L; Associazione
Italiana per la Ricerca sul Cancro Gruppo ltaliano
Malattie Mieloproliferative. Biologic and clinical
significance of somatic mutations of SF3B1 in
myeloid and lymphoid neoplasms. Blood. 2013;
121(2):260-269.

Visconte V, Makishima H, Maciejewski JP, Tiu
RV. Emerging roles of the spliceosomal
machinery in myelodysplastic syndromes and
other hematological disorders. Leukemia. 2012;
26(12):2447-2454.

Visconte V, Rogers HJ, Singh J, et al. SF3B1
haploinsufficiency leads to formation of ring
sideroblasts in myelodysplastic syndromes.
Blood. 2012;120(16):3173-3186.


http://biogps.org/#goto=genereport&id=23451
http://biogps.org/#goto=genereport&id=23451

