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Frequent pathway mutations of splicing
machinery in myelodysplasia

Kenichi Yoshida'*, Masashi Sanada'*, Yuichi Shiraishi?*, Daniel Nowak®*, Yasunobu Nagata'*, Ryo Yamamoto®, Yusuke Satol,
Aiko Sato-Otsubo', Ayana Kon', Masao Nagasaki®, George Chalkidis®, Yutaka Suzuki’, Masashi Shiosaka!, Ryoichiro Kawahata!,
Tomoyuki Yamaguchi®, Makoto Otsu®, Naoshi Obara®, Mamiko Sakata- Yanagimoto®, Ken Ishiyama®, Hiraku Mori",

Florian Nolte®, Wolf-Karsten Hofmann?, Shuichi Miyawaki', Sumio Sugano’, Claudia Haferlach'2, H. Phillip Koeffler'>,
Lee-Yung Shih'®, Torsten Haferlach'?, Shigeru Chiba®, Hiromitsu Nakauchi®®, Satoru Miyano®® & Seishi Ogawa!

Myelodysplastic syndromes and related disorders (myelodysplasia) are a heterogeneous group of myeloid neoplasms
showing deregulated blood cell production with. evidence of myeloid dysplasia and a pre@iSposition to acute myeloid.

 leukaemia, whose pathogenesis is only incompletely understood. Here we report whole-

myelodysplasia specimens, which unexpectedly revealed no

the RNA splicing machinery, including U2AF35, ZRSR2, SRSF2and SF3BI. In a large series analysi Ing path
mutations were frequent (~45 to~85%) in, and highly specific to, myeloid neoplasms showing features of myelodysplasia.
Conspicuously, most of the mutations, which occurred in a mu ‘ : nes involved in 1

3'-splice site recognition during pre-mRNA prc

ome, sequencing of 29

ay

er, aff genes involved e

) : ‘ RNA processing, inducing abnormal RNA splicing and compromised
haematopoiesis. Our results provide the first evidence :

that gen

of the major splicing

components could be involved in human pathogenesis, also implicating anovel the; pféﬁti¢ ﬁdssibility for myelodysplasia.

Myelodysplastic syndromes (MDS) and related disorders (myelodys-
plasia) comprise a group of myeloid neoplasms characterized by
deregulated, dysplastic blood cell production and a predisposition to
acute myeloid leukaemia (AML)'. Although the prevalence of MDS has
not been determined precisely, more than 10,000 people are estimated
to develop myelodysplasia annually in the United States. Their indol-
ent clinical course before leukaemic transformation and ineffective
haematopoiesis with evidence of myeloid dysplasia indicate a patho-
genesis distinct from that involved in de novo AML. Currently, a
number of gene mutations and cytogenetic changes have been impli-
cated in the pathogenesis of MDS, including mutations of RAS, TP53
and RUNXI, and more recently ASXLI, ¢-CBL, DNMT3A, IDH1/2,
TET2 and EZH2 (ref. 3). Nevertheless, mutations of this set of genes
do not fully explain the pathogenesis of MDS because they are also
commonly found in other myeloid malignancies and roughly 20% of
MDS cases have no known genetic changes (ref. 4 and unpublished
data). In particular, the genetic alterations responsible for the dys-
plastic phenotypes and ineffective haematopoiesis of myelodysplasia
are poorly understood. Meanwhile, the recent development of mas-
sively parallel sequencing technologies has provided an expanded
opportunity to discover genetic changes across the entire genomes or
protein-coding sequences in human cancers at a single-nucleotide
level®', which could be successfully applied to the genetic analysis
of myelodysplasia to obtain a better understanding of its pathogenesis.

Overview of genetic alterations

In this study, we performed whole-exome sequencing of paired
tumour/control DNA from 29 patients with myelodysplasia (Sup-
plementary Table 1). Although incapable of detecting non-coding
mutations and gene rearrangements, the whole-exome approach is
a well-established strategy for obtaining comprehensive registries of
protein-coding mutations at low cost and high performance. With a
mean coverage of 133.8, 80.4% of the target sequences were analysed
at more than X20 depth on average (Supplementary Fig. 1). All the
candidates for somatic mutations (N = 497) generated through our
data analysis pipeline were subjected to validation using Sanger
sequencing (Supplementary Methods I and Supplementary Fig, 2).
Finally, 268 non-synonymous somatic mutations were confirmed
with an overall true positive rate of 53.9% (Supplementary Fig. 3),
including 206 missense, 25 nonsense, and 10 splice site mutations,
and 27 frameshift-causing insertions/deletions (indels) (Supplemen-
tary Fig. 4). The mutation rate of 9.2 (0-21) per sample was signifi-
cantly lower than that in solid tumours (16.2-302)"'*'? and multiple
myeloma (32.4)¢, but was comparable to that in AML (7.3-13)15
and chronic lymphocytic leukaemia (11.5)"°. Combined with the
genomic copy number profile obtained by single nucleotide poly-
morphism (SNP) array karyotyping, this array of somatic mutations
provided a landscape of myelodysplasia genomes (Supplementary
Fig. 5)17,180
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Novel gene targets in myelodysplasia

The list of the somatic mutations (Supplementary Table 2) included
most of the known gene targets in myelodysplasia with similar muta-
tion frequencies to those previously reported, indicating an acceptable
sensitivity of the current study. The mutations of the known gene
targets, however, accounted for only 12.3% of all detected mutations
(N = 33), and the remaining 235 mutations involved previously un-
reported genes. Among these, recurrently mutated genes in multiple
cases are candidate targets of particular interest, for which high muta-
tion rates are expected in general populations. In fact, 8 of the 12
recurrently mutated genes were among the well-described gene targets
in myelodysplasia (Supplementary Table 3). However, what immedi-
ately drew our attention were the recurrent mutations involving
U2AF35 (also known as U2AF1), ZRSR2 and SRSF2 (SC35), because
they belong to the common pathway known as RNA splicing. Including
an additional three genes mutated in single cases (SF3A1, SF3BI and
PRPF40B), six components of the splicing machinery were mutated in
16 out of the 29 cases (55.2%) in a mutually exclusive manner (Fig. 1,
Supplementary Fig. 6 and Supplementary Table 2).

Frequent mutations in splicing machinery

RNA splicing is accomplished by a well-ordered recruitment, rearrange-
ment and/or disengagement of a set of small nuclear ribonucleoprotein
(snRNP) complexes (U1, U2, and either U4/5/6 or U11/12), as well as
many other protein components onto the pre-mRNAs. Notably, the
mutated components of the spliceosome were all engaged in the initial
steps of RNA splicing, except for PRPF40B, whose functions in RNA
splicing are poorly defined. Making physical interactions with SF1 and a
serine/arginine-rich (SR) protein, such as SRSF1 or SRSF2, the U2
auxiliary factor (U2AF) that consists of the U2AF65 (U2AF2)-
U2AF35 heterodimer, is involved in the recognition of the 3" splice site
(3'SS) and its nearby polypyrimidine tract, which is thought to be
required for the subsequent recruitment of the U2 snRNP, containing
SF3A1 as well as SF3B1, to establish the splicing A complex (Fig. 1)*".
ZRSR2 (or Urp), is another essential component of the splicing
machinery. Showing a close structural similarity to U2AF35, ZRSR2
physically interacts with U2AF65, as well as SRSF1 and SRSF2, with a
distinct function from its homologue, U2AF35 (ref. 20).

To confirm and extend the initial findings in the whole-exome
sequencing, we studied mutations of the above six genes together with

() UHM domain
O RS domain

@ Zinc finger domain

Figure 1| Components of the splicing E/A complex mutated in
myelodysplasia. RNA splicing is initiated by the recruitment of Ul snRNP to
the 5’SS. SF1 and the larger subunit of the U2 auxiliary factor (U2AF), U2AF65,
bind the branch point sequence (BPS) and its downstream polypyrimidine
tract, respectively. The smaller subunit of U2AF (U2AF35) binds to the AG
dinucleotide of the 3’SS, interacting with both U2AF65 and a SR protein, such
as SRSF2, through its UHM and RS domain, comprising the earliest splicing
complex (E complex). ZRSR2 also interacts with U2AF and SR proteins to
perform essential functions in RNA splicing. After the recognition of the 3'SS,
U2 snRNP, together with SF3A1 and SF3B1, is recruited to the 3'SS to generate
the splicing complex A. The mutated components in myelodysplasia are
indicated by arrows.
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three additional spliceosome-related genes, including U2AF65, SF1
and SRSFI, in a large series of myeloid neoplasms (N = 582) using a
high-throughput mutation screen of pooled DNA followed by con-
firmation/identification of candidate mutations (refs 21 and 22 and
Supplementary Methods II).

In total, 219 mutations were identified in 209 out of the 582 specimens
of myeloid neoplasms through validating 313 provisional positive events
in the pooled DNA screen (Supplementary Tables 4 and 5). The muta-
tions among four genes, U2AF35 (N = 37), SRSF2 (N = 56), ZRSR2
(N =23) and SF3BI (N=79), explained most of the mutations with
much lower mutational rates for SF3A1 (N =8), PRPF40B (N=7),
U2AF65 (N = 4) and SFI (N=15) (Fig. 2). Mutations of the splicing
machinery were highly specific to diseases showing myelodysplastic fea-
tures, including MDS either with (84.9%) or without (43.9%) increased
ring sideroblasts, chronic myelomonocytic leukaemia (CMML) (54.5%),
and therapy-related AML or AML with myelodysplasia-related changes
(25.8%), but were rare in de novo AML (6.6%) and myeloproliferative
neoplasms (MPN) (9.4%) (Fig. 3a). The mutually exclusive pattern of
the mutations in these splicing pathway genes was confirmed in this
large case series, suggesting a common impact of these mutations on
RNA splicing and the pathogenesis of myelodysplasia (Fig. 3b). The
frequencies of mutations showed significant differences across disease
types. Surprisingly, SF3BI mutations were found in the majority of the
cases with MDS characterized by increased ring sideroblasts, that is,
refractory anaemia with ring sideroblasts (RARS) (19/23 or 82.6%) and
refractory cytopenia with multilineage dysplasia with = 15% ring side-
roblasts (RCMD-RS) (38/50 or 76%) with much lower mutation fre-
quencies in other myeloid neoplasms. RARS and RCMD-RS account
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Figure 2 | Mutations of multiple components of the splicing machinery.
Each mutation in the eight spliceosome components is shown with an
arrowhead. Confirmed somatic mutations are discriminated by red arrows.
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predicted as SNPs by MutationTaster (http://www.mutationtaster.org/) are
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Figure 3 | Frequencies and distribution of
spliceosome pathway gene mutations in myeloid
neoplasms. a, Frequencies of spliceosome pathway
mutations among 582 cases with various myeloid
neoplasms. b, Distribution of mutations in eight
spliceosome genes, where diagnosis of each sample
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for4.3% and 12.9% of MDS cases, respectively, where deregulated iron
metabolism has been implicated in the development of refractory
anaemia®. With such high mutation frequencies and specificity, the
SF3B1 mutations were thought to be almost pathognomonic to these
MDS subtypes characterized by increased ring sideroblasts, and
strongly implicated in the pathogenesis of MDS in these categories.
Less conspicuously but significantly, SRSF2 mutations were more fre-
quent in CMML cases (Fig. 3 and Supplementary Table 4). Thus,
although commonly involving the E/A splicing complexes, different
mutations may still have different impacts on cell functions, contri-
buting to the determination of discrete disease phenotypes. For
example, studies have demonstrated that SRSF2 was also involved in
the regulation of DNA stability and that depletion of SRSF2 can lead to
genomic instability*. Of interest in this context, regardless of disease
subtypes, samples with SRSF2 mutations were shown to have signifi-
cantly more mutations of other genes compared with U2AF35 muta-
tions (P = 0.001, multiple regression analysis) (Supplementary Table 6
and Supplementary Fig. 7).

Notably, with a rare exception of A26V in a single case, the mutations
of U2AF35 exclusively involved two highly conserved amino acid posi-
tions (S34 or Q157) within the amino- and the carboxyl-terminal zinc
finger motifs flanking the U2AF homology muotif (UHM) domain.
SRSF2 mutations exclusively occurred at P95 within an intervening
sequence between the RNA recognition motif (RRM) and arginine/
serine-rich (RS) domains (Fig. 2 and Supplementary Figs 8 and 9).
Similarly, SF3B1 mutations predominantly involved K700 and, to a
lesser extent, K666, H662 and E622, which are also conserved across
species (Fig. 2 and Supplementary Fig. 10). The involvement of recur-
rentamino acid positions in these spliceosome genes strongly indicated
a gain-of-function nature of these mutations, which has been a well-
documented scenario in other oncogenic mutations®. On the other
hand, the 23 mutations in ZRSR2 (Xp22.1) were widely distributed
along the entire coding region (Fig. 2). Among these, 14 mutations were
nonsense or frameshift changes, or involved splicing donor/acceptor
66 | NATURE ¢
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sites that caused either a premature truncation or a large structural
change of the protein, leading to loss-of-function. Combined with their
strong male preference for the mutation (14/14 cases), ZRSR2 most
likely acts as a tumour suppressor gene with an X-linked recessive mode
of genetic action. The remaining nine ZRSR2 mutations were missense
changes and found in both males (six cases) and females (three cases),
whose somatic origin was only confirmed in two cases. However,
neither the dbSNP database (buildi31 and 132) nor the 1000
Genomes database (May 2011 snp calls) contained these missense
nucleotides, suggesting that many, if not all, of these missense changes
are likely to represent functional somatic changes, especially those
found in males. Interrogation of these hot spots for mutations in
U2AF35 and SRSF2 found no mutations among lymphoid neoplasms,
including acute lymphoblastic leukaemia (N = 24) or non-Hodgkin’s
lymphoma (N = 87) (data not shown).

RNA splicing and spliceosome mutations

Because the splicing pathway mutations in myelodysplasia widely and
specifically affect the major components of the splicing complexes
E/A in a mutually exclusive manner, the common consequence of
these mutations is logically the impaired recognition of 3'SSs that
would lead to the production of aberrantly spliced mRNA species. To
appreciate thisand also to gain an insight into the biological/biochemical
impact of these splicing mutations, we expressed the wild-type and the
mutant ($34F) U2AF35 in Hela cells using retrovirus-mediated gene
transfer with enhanced green fluorescent protein (EGFP) marking
(Fig. 4a and Supplementary Methods III) and examined their effects
on gene expression in these cells using GeneChip Human genome
U133 plus 2.0 arrays {Affymetrix), followed by gene set enrichment
analysis (GSEA) (Supplementary Methods IV)*. Intriguingly, the
GSEA disclosed a significant enrichment of the genes on the non-
sense-mediated mRNA decay (NMD) pathway among the significantly
upregulated genes in mutant U2AF35-transduced HeLa cells (Fig, 4b,
Supplementary Fig. 1la and Supplementary Table 7), which was
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confirmed by quantitative polymerase chain reactions (qPCR) (Fig. 4¢
and Supplementary Methods 5V). A similar result was also observed for
the gene expression profile of an MDS-derived cell line (TF-1) trans-
duced with the S34F mutant (Supplementary Figs 11b, c). The NMD
activation by the mutant U2AF35 was suppressed significantly by the co-
overexpression of the wild-type protein (Supplementary Fig. 11d), indi-
cating that the effect of the mutant protein was likely to be mediated by
inhibition of the functions of the wild-type protein. Given that the NMD
pathway, known as mRNA surveillance, provides a post-transcriptional
mechanism for recognizing and eliminating abnormal transcripts that
prematurely terminate translation®, the result of the GSEA analyses
indicated that the mutant U2AF35 induced abnormal RNA splicing in
HeLa and TE-1 cells, leading to the generation of unspliced RNA species
having a premature stop codon and induction of the NMD activity.

To confirm this, we next performed whole transcriptome analysis in
these cells using the GeneChip Human exon 1.0 ST Array
(Affymetrix), in which we differentially tracked the behaviour of two
discrete sets of probes showing different level of evidence of being
exons, that is, ‘Core’ (authentic exons) and ‘non-Core’ (more likely
introns) sets (Supplementary Methods IV and Supplementary Fig. 12).
As shown in Fig. 4d, the Core and non-Core set probes were differ-
entially enriched among probes showing significant difference in
expression between wild-type and mutant-transduced cells (false dis-
covery rate (FDR) = 0.01). The Core set probes were significantly

“enriched in those probes significantly downregulated in mutant
U2AF35-transduced cells compared with wild-type U2AF35-trans-
duced cells, whereas the non-Core set probes were enriched in those
probes significantly upregulated in mutant U2AF35-transduced cells
(Fig. 4e). The significant differential enrichment was also demon-
strated, even when all probe sets were included (Fig. 4f). Moreover,
the significantly differentially expressed Core set probes tended to be
up- and downregulated in wild-type and mutant U2AF35-transduced
cells compared with mock-transduced cells, respectively, and vice versa
for the differentially expressed non-Core set probes (Fig. 4e).
Combined, these exon array results indicated that the wild-type
U2AF35 correctly promoted authentic RNA splicing, whereas the
mutant U2AF35 inhibited this processes, rendering non-Core and
therefore, more likely intronic sequences to remain unspliced.

The abnormal splicing in mutant U2AF35-transduced cells was more
directly demonstrated by sequencing mRNAs extracted from Hela
cells, in which expression of the wild-type and mutant (S34F)
U2AF35 were induced by doxycycline. First, after adjusting by the total
number of mapped reads, the wild-type U2AF35-transduced cells
showed an increased read counts in the exon fraction, but reduced
counts in other fractions, compared with mutant U2AF35-transduced
cells (Fig. 4g). The reads from the mutant-transduced cells were
mapped to broader genomic regions compared with those from the
wild-type U2AF35-transduced cells, which were largely explained by
non-exon reads (Fig. 4h). Finally, the number of those reads that
encompassed the authentic exon/intron junctions was significantly
increased in mutant U2AF35-transduced cells compared with wild-type
U2AF35-transduced cells (Fig. 4i and Supplementary Methods VI).
These results clearly demonstrated that failure of splicing ubiquitously
occurred in mutant U2AF35-transduced cells. A typical example of
abnormal splicing in mutant-transduced cells and the list of signifi-
cantly unspliced exons are shown in Supplementary Fig. 13 and Sup-
plementary Table 8, respectively.

Biological consequence of U2AF35 mutations

Finally, we examined the biological effects of compromised func-
tions of the E/A splicing complexes. First, TF-1 and HeLa cells were
transduced with lentivirus constructs expressing either the S34F
U2AF35 mutant or wild-type U2AF35 under a tetracycline-inducible
promoter (Fig. 5a and Supplementary Figs 14a and 15a), and cell
proliferation was examined after the induction of their expres-
sion. Unexpectedly, after the induction of gene expression with
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Figure 4 | Altered RNA splicing caused by a U2AF35 mutant. a, Western
blot analyses showing expression of transduced wild-type or mutant (S34F)
U2AF35 in HeLa cells used for the analyses of expression and exon microarrays.
b, The GSEA demonstrating a significant enrichment of the set of 17 NMD
pathway genes among significantly differentially expressed genes between wild-
type and mutant U2AF35-transduced HelLa cells. The significance of the gene
set was empirically determined by 1,000 gene-set permutations. ¢, The
confirmation of the microarray analysis for the expression of nine genes that
contributed to the core enrichment in the NMD gene set. Means = s.e. are
provided for the indicated NMD genes. P values were determined by the Mann-
Whitney U test. d, Significantly upregulated and downregulated probe sets
(FDR = 0.01) in mutant U2AF35-transduced cells compared with wild-type
U2AF35-transduced cells in triplicate exon array experiments are shown in a
heat map. The origin of each probe set is depicted in the left lane, where red and
green bars indicate the Core and non-Core sets, respectively. e, Pair-wise scatter
plots of the normalized intensities of entire probe sets (grey) across different
experiments. The Core and non-Core set probes that were significantly
differentially expressed between the wild-type and mutant UZAF35-transduced
cells are plotted in red and green, respectively. f, Distribution of the Core (red)
and non-Core (green) probe sets within the entire probe sets ordered by splicing
index (S.1; Supplementary Methods IV), calculated between wild-type and
mutant U2AF35-transduced cells. In the right panel, the differential enrichment
of both probe sets was confirmed by Mann-Whitney U test. g, Difference in
read counts for the indicated fractions per 10° total reads in RNA sequencing
between wild-type and mutant U2AF35-expressing HeLa cells analysis.
Increased/decreased read counts in mutant U2AF35-expressing cells are
plotted upward/downward, respectively. h, Comparison of the genome
coverage by the indicated fractions in wild-type- and mutant-U2AF35-
expressing cells. The genome coverage was calculated for each fraction within
the 10° reads randomly selected from the total reads and averaged for ten
independent selections. i, The odds ratio of the junction reads within the total
mapped reads was calculated between the two experiments (red circle), which
was evaluated against the 10,000 simulated values under the null hypothesis
(histogram in blue).

doxycycline, the mutant U2AF35-transduced cells, but not the wild-
type U2AF35-transduced cells, showed reduced cell proliferation
(Fig. 5b and Supplementary Fig. 15b) with a marked increase in the
G2/M fraction (G2/M arrest) together with enhanced apoptosis as
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Figure 5 | Functional analysis of mutant U2AF35. a, Expression of
endogenous and exogenous U2AF35 transcripts in HeLa cells before and after
induction determined by RNA sequencing. U2AF35 transcripts were
differentially enumerated for endogenous and exogenous species, which were
discriminated by the Flag sequence. b, Cell proliferation assays of U2AF35-
transduced HeLa cells, where cell numbers were measured using cell-counting
apparatus and are plotted as mean absorbance * s.d. ¢, The flow cytometry
analysis of propidium iodide (PI)-stained HeLa cells transduced with the
different U2AF35 constructs. Mean fractions = s.d. in G0/G1, S and G2/M
populations after the induction of U2AF35 expression are plotted. d, Fractions of
the annexin V-positive (AnnV +) populations among the 7-amino-actinomycin
D (7AAD)-negative population before and after the induction of U2AF35
expression are plotted as mean * s.d. for indicated samples. The significance of
difference was determined by paired t-test. e, Competitive reconstitution assays
for CD34-negative KSL cells transduced with indicated U2AF35 mutants.
Chimaerism in the peripheral blood 6 weeks after transplantation are plotted as
mean %EGFP-positive Ly5.1 cells == s.d., where outliers were excluded from the
analysis. The significance of differences was evaluated by the Grubbs test with
Bonferroni’s correction for multiple testing. *not significant.

indicated by the increased sub-Gl fraction and annexin V-positive cells
(Fig. 5¢, d, Supplementary Fig. 14b and Supplementary Methods V1). To
confirm the growth-suppressive effect of U2AF35 mutants in vitro, a
highly purified haematopoietic stem cell population (CD34 c-
Kit"Scal "Lin~, CD347KSL) prepared from C57BL/6 (B6)-Ly5.1
mouse bone marrow® was retrovirally transduced with either the
mutant (S34F, Q157P and Q157R) or wild-type U2AF35, or the mock
constructs, each harbouring the EGFP marker gene (Supplementary Fig,
16). The ability of these transduced cells to reconstitute the haemato-
poietic system was tested in a competitive reconstitution assay. The
transduced cells were mixed with whole bone marrow cells from
B6-Ly5.1/5.2 F1 mice, transplanted into lethally irradiated B6-Ly5.2
recipients, and peripheral blood chimaerism derived from EGEP-
positive cells was assessed 6 weeks after transplantation by flow cytometry.
We confirmed that each recipient mouse received comparable numbers
of EGFP-positive cells among the different retrovirus groups by estim-
ating the percentage of EGFP-positive cells and overall proliferation in
transduced cells by ex vivo tracking. Also no significant difference was
observed in their homing capacity to bone marrow as assessed by
transwell migration assays (Supplementary Fig. 17). As shown in
Fig. 5e, the wild-type U2AF35-transduced cells showed a slightly higher
reconstitution capacity than the mock-transduced cells. On the other
hand, the recipients of the cells transduced with the various U2AF35
mutants showed significantly lower EGFP-positive cell chimaerism
than those of either the mock- or the wild-type U2AF35-transduced
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cells, indicating a compromised reconstitution capacity of the haema-
topoietic stem/progenitor cells expressing the U2AF35 mutants. In
summary, these mutants lead to loss-of-function of U2AF35 most
probably by acting in a dominant-negative fashion to the wild-type
protein.

Discussion

Our whole-exome sequencing study unexpectedly unmasked a com-
plexity of novel pathway mutations found in approximately 45% to
85% of myelodysplasia patients depending on the disease subtypes,
which affected multiple but distinctive components of the splicing
machinery and, as such, demonstrated the unquestionable power of
massively parallel sequencing technologies in cancer research.

The RNA splicing system comprises essential cellular machinery,
through which eukaryotes can achieve successful transcription and
guarantee the functional diversity of their protein species using
alternative splicing in the face of a limited number of genes®.
Accordingly, the meticulous regulation of this machinery should be
indispensable for the maintenance of cellular homeostasis™, deregu-
lation of which causes severe developmental abnormalities® 2, The
current discovery of frequent mutations of the splicing pathway in
myelodysplasia, therefore, represents another remarkable example
that illustrates how cancer develops by targeting critical cellular func-
tions. It also provides an intriguing insight into the mechanism of
‘cancer specific’ alternative splicing, which have long been implicated
in the development of cancer, including MDS and other haemato-
poietic neoplasms®>*.

In myelodysplasia, the major targets of spliceosome mutations
seemed to be largely confined to the components of the E/A splicing
complex, among others to SF3B1, SRSF2, U2AF35 and ZRSR2, and to
a lesser extent, to SF3AI, SF1, U2AF65 and PRPF40B. The broad
coverage of the wide spectrum of spliceosome components in our
exome sequencing was likely to preclude frequent involvement of
other components on this pathway (Supplementary Fig. 18). The
surprising frequency and specificity of these mutations in this com-
plex, together with the mutually exclusive manner they occurred,
unequivocally indicate that the compromised function of the E/A
complex is a hallmark of this unique category of myeloid neoplasms,
playing a central role in the pathogenesis of myelodysplasia. The close
relationship between the mutation types and unique disease subtypes
also support their pivotal roles in MDS.

Given the critical functions of the E/A splicing complex on the
precise 3'SS recognition, the logical consequence of these relevant
mutations would be the impaired splicing involving diverse RNA
species. In fact, when expressed in HelLa cells, the mutant U2AF35
induced global abnormalities of RNA splicing, leading to increased
production of transcripts having unspliced intronic sequences. On the
other hand, the functional link between the abnormal splicing of RNA
species and the phenotype of myelodysplasia is still unclear. Mutant
U2AF35 seemed to suppress cell growth/proliferation and induce
apoptosis rather than confer a growth advantage or promote clonal
selection. ZRSR2 knockdown in HeLa cells has been reported to also
result in reduced viability, arguing for the common consequence of
these pathway mutations™. These observations suggested that the
oncogenic actions of these splicing pathway mutations are distinct
from what is expected for classical oncogenes, such as mutated kinases
and signal transducers, but could be more related to cell differenti-
ation. Of note in this regard, the commonest clinical presentation of
MDS is severe cytopenia in multiple cell lineages due to ineffective
haematopoiesis with increased apoptosis rather than unlimited cell
proliferation’. In this regard, lessons may be learned from the recent
findings on the pathogenesis of the 5q— syndrome, where haploin-
sufficiency of RPSI4 leads to increased apoptosis of erythroid pro-
genitors, but not myeloproliferation®*.

A lot of issues remain to be answered, however, to establish the
functional link between these splicing pathway mutations and the
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pathogenesis of MDS, where the broad spectrum of RNA species
affected by impaired splicing hampers identification of responsible
gene targets. Moreover, the mutated components of the splicing
machinery have distinct function of their own other than direct regu-
lation of RNA splicing, involved in elongation and DNA stability,
which may be important to determine specific disease phenotypes.
Clearly, more studies are required to answer these questions through
understanding of the molecular basis of their oncogenic actions.

METHODS SUMMARY

Whole-exome sequencing of paired tumour/normal DNA samples from the 29
patients was performed after informed consent was obtained. SNP array-based
copy number analysis was performed as previously described'”*. Mutation ana-
lysis of the splicing pathway genes in a set of 582 myeloid neoplasms were per-
formed by first screening mutations in PCR-amplified pooled targets from 12
individuals, followed by validation/identification of the candidate mutations
within the corresponding 12 individuals by Sanger sequencing. Flag-tagged
¢DNAs of the wild-type and mutant U2AF35 were generated by in vitro muta-
genesis, constructed into a murine stem cell virus-based retroviral vector as well as
a tetracycline-inducible lentivirus-based expression vector, and used for gene
transfer to CD34 KSL cells and cultured cell lines, with EGFP marking, respec-
tively. Total RNA was extracted from wild-type or mutant U2AF35-transduced
Hela and TE-1 cells, and analysed on microarrays. RNA sequencing was per-
formed according to the manufacturer’s instructions (Illumina). Cell proliferation
assays (MTT assays) on HeLa and TE-1 cells stably transduced with lentivirus
U2AF35 constructs were performed in the presence or absence of doxycycline. For
competitive reconstitution assays, CD34 KSL cells collected from C57BL/6 (B6)-
Ly5.1 mice were retrovirally transduced with various U2AF35 constructs with
EGFP marking, and transplanted with competitor cells (B6-Ly5.1/5.2 F1 mouse
origin) into lethally irradiated B6-Ly5.2 mice 48h after gene transduction.
Frequency of EGFP-positive cells was assessed in peripheral blood by flow cyto-
metry 6 weeks after the transplantation (Supplementary Methods VII). The primer
sets used for validation of gene mutations and qPCR of NMD gene expression are
listed in Supplementary Tables 9—11. A complete description of the materials and
methods is provided in the Supplementary Information. This study was approved
by the ethics boards of the University of Tokyo, Munich Leukaemia Laboratory,
University Hospital Mannheim, University of Tsukuba, Tokyo Metropolitan
Ohtsuka Hospital and Chang Gung Memorial Hospital. Animal experiments were
performed with approval of the Animal Experiment Committee of the University
of Tokyo.
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