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 U2AFI), ZRSR2 and SRSE2 (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 SF3BI, 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
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Figure 1 | Components of the splicing E/A complex mutated in
myelodysplasia. RNA splicing is initiated by the recruitment of U1 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=5) (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, SF3B1 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.
Known domain structures are shown in coloured boxes as indicated. Mutations
predicted as SNPs by MutationTaster (http://www.mutationtaster.org/) are
indicated by asterisks. The number of each mutation is indicated in parenthesis.
ZRSR2 mutations in females are shown in blue.
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for 4.3% 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 motif (UHM) domain.
SRSE2 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-
rent amino 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
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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
is shown by indicated colours.
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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 (build131 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).

RMNA 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 this and also to gain an insight into the biological/biochemical
impact of these splicing mutations, we expressed the wild-type and the
mutant (S34F) 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, ¢). The NMD
activation by the mutant U2 AF35 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 TF-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 HeLa 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 theindicated 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 U2AF35-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.I; 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-
expressmg 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 ¢-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 VI). To
confirm the growth-suppressive effect of U2AF35 mutants in vitro, a
highly purified haematopoietic stem cell population (CD34 c-
Kit*Scal"Lin~, CD34 KSL) 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 EGFP-
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®>*”. 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 SF3A1, 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 RPS14 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
cDNAs 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
HelLa and TF-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 TF-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 gPCR 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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DNMT3A mutations are rare in childhood acute myeloid
leukaemia, myelodysplastic syndromes and juvenile

myelomonocytic leukaemia

Acute myeloid leukaemia (AML) is a complex disease caused
by mutations and deregulated gene expression, leading to
increased proliferation and decreased differentiation of hae-
matopoietic progenitor cells. Contemporary treatments have
resulted in 5-year event-free survival rates of almost 60% for
paediatric AML (Pui et al, 2011).

Recently, a whole genome sequencing study of AML
uncovered recurrent mutations of an epigenetic regulator,
the DNA methyltransferase 3A (DNMT3A) gene, in approxi-
mately 20% of adult AML patients (Ley et al, 2010; Yamashita
et al, 2010; Yan et al, 2011). In these studies, DNMT3A
mutations were frequently associated with FLT3-internal
tandem duplication (ITD), nucleophosmin 1 (NPMI) and
isocitrate dehydrogenase 1 (IDHI) mutations (Ley et al, 2010;
Yan et al, 2011). DNMT3A mutations were also found in adult
myelodysplastic syndromes (MDS) (8%, 12/150) (Walter et al,
2011), AML secondary to myeloproliferative neoplasms
(MPNs) (14%, 5/35), myelofibrosis (15%, 3/20) and
polycythaemia vera (7%, 2/30) (Stegelmann et al, 2011).

DNMT3A is involved in epigenetic regulation of genes by
enzymatic de novo addition of methyl groups to the cytosine
residue of CpG dinucleotides. DNMT3A mutations were signif-
icantly enriched with a cytogenetic profile associated with
intermediate risk, including a normal cytogenetic profile, as well
as the M4 and M5 subtypes, according to the French-American-
British (FAB) classification system (Ley et al, 2010; Yan et al,
2011). In AML patients with a normal karyotype and FLT3-ITD,
patients with DNMT3A gene mutations showed a worse prog-
nosis than those without DNMT3A gene mutations (Ley et al,
2010; Yan et al,2011); however, the frequency and clinical impact
of DNMT3A gene mutations in paediatric AML and myelopro-
liferative neoplasms (MPN) remain uncertain. We searched for
DNMT3A gene mutations in 149 AMLs who were treated on the
Japanese Childhood AML Cooperative protocol, AML 99 (range:
0-15 years old, M0: 5, M1: 23, M2: 44, M3: 13, M4: 22, M5: 21,
M6: 1, M7: 17, unclassified: three patients), 40 juvenile myelo-
monocytic leukaemias (JMMLs; range: 2 months to 8 years), 24
myelodysplastic syndromes (MDSs) and 20 paediatric therapy-
related leukaemia/MDSs (t-Leuk/MDSs, range: 1-17 years).
FLT3-ITD and NPMI gene alterations have been reported in
these 149 AML patients (Shimada et al, 2007, 2008).

Total RNA extracted from the bone marrow or peripheral
blood samples at diagnosis was reverse transcribed to cDNA
with a ¢cDNA Synthesis Kit (Amersham Bioscience, Tokyo,

Japan). DNMT3A mutations were thus far reported to be
almost exclusively involved in exons 16-23 (especially codon
R882 in exon 23) (Ley et al, 2010; Yamashita ef al, 2010;
Stegelmann et al, 2011; Walter et al, 2011; Yan et al, 2011);
thus, we confined our analysis to these exons. cDNA was
amplified using the following primers: DNMT3A cDNA 15F,
5'-CAGGTGCTTTTGCGTGGAGTGT-3" and 19R, 5-ATGC
AGGAGGCGGTAGAACTCA-3’, 17F, 5-AAGATCATGTAC-
GTCGGGGA-3" and 22R, 5-CTTTGCCCTGCITTA TG-
GAG-3’ and 20F, 5-CCCTGTGATGATTGATGCCA-3" and
23R, 5'-GTATTTCCGCCTCTGTG-GTT-3" for AML samples.
For JMML, MDS and t-Leuk/MDS, we confined our analysis to
exon 23, including the hotspot of codon R882, of the
DNMT3A gene using the following primers: DNMT3A DNA
23F, 5-AGAACTAAGCAGGGCC-TCAGAGGA-3" and 23R,
5-GTATTTCCGCCTCTGTGGTT-3". Subsequently, direct
sequencing was performed on a DNA sequencer (ABI 310;
Applied Biosystems, Foster City, CA, USA) using a BigDye
terminator cycle sequencing kit (Applied Biosystems). The
study adhered to the principles of the Helsinki Declaration,
and was conducted under the regulations enacted by the Ethics
Board of Gunma Children’s Medical Centre.

No DNMT3A mutations were detected in any AML patients in
our study. Recently, DNMT3A mutations have been reported in
paediatric AML patients (Ho et al, 2011; Thol et al, 2011). Only
two patients were identified (both 15 years old). Combined with
these and our data, the frequency of DNMT3A mutations is
extremely rare (2/524, 04%) in childhood AML. Furthermore,
we did not identify DNMT3A mutations in MDS, JMML or
paediatric t-Leuk/MDS. These findings were not compatible
with those of adult MDS and MPN, suggesting that the frequency
of DNMT3A gene mutations depends on age.

On the other hand, we found FLT3-ITD in 20 (13%) of 149
AML patients; however, no NPMI mutations were found
(Shimada et al, 2007, 2008). Nine AML patients with FLT3-
ITD were found to lack DNMT3A mutation. DNMT3A muta-
tions have been correlated with FLT3-ITD and NPMI in adult
AML, but not in paediatric AML. Although patients with
DNMT3A mutations have been associated with FAB-M4, M5,
especially MLL-negative M5, no mutations in these paediatric
M4/M5 patients were found in this study. DNMT3A mutations
have not been detected in any adult AML with favourable
cytogenetics, including #(8;21) and inv(16) (Ley et al, 2010; Yan
et al, 2011). Higher frequencies of #(8;21) and inv(16) in
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paediatric than in adult AML patients may be associated with
rare DNMT3A mutations in paediatric AML. These data suggest
that the pathology of paediatric AML may be different from that
of adult AML. We concluded that DNMT3A mutations, as well
as NPM1 mutations, may be infrequent in paediatric AML and
MDS patients, especially those <15 years old.
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Letter to the Editor

CD7-positive acute myelomonocytic leukemia with trisomy 21
as a sole acquired chromosomal abnormality in two adolescents

1. Introduction

Trisomy 21 is one of the most common acquired chromosomal
abnormalities in myeloid malignancies, but is rarely found as a sole
anomaly. It has been reported that only 0.3% of adult patients with
acute myeloblastic leukemia (AML) or myelodysplastic syndrome
have trisomy 21 as a sole acquired abnormality [1]. Although sev-
eral reports indicate that this karyotypic abnormality is associated
with the French-American-British (FAB) AML subtypes M2, M4 and
M5 [2,3] and with a poor prognosis [3,4], its clinical and prognos-
tic implications have not been fully evaluated. Some investigators
have focused on the association between this chromosomal abnor-
mality and CD7 expression, and 4 adult patients with CD7-positive
AML have been reported so far [5-8]. Although one report includes
2 adolescent AML cases with trisomy 21 as a sole acquired abnor-
mality [3], there have been no reports on pediatric CD7-positive
AML patients with this anomaly. Here, we report 2 unique adoles-
cent cases of CD7-positive acute myelomonocytic leukemia with
trisomy 21 as a minor clone and as a sole acquired chromosomal
abnormality.

2. Case reports
2.1. Case 1

A 15-year-old boy was admitted to our hospital in November
2006 because of fever and gingival swelling and bleeding. Find-
ings on physical examination included petechiae over the body
and hepatomegaly (5 cm below the costal margin). Examination of
the peripheral blood revealed the following: hemoglobin 8.3 g/dL,
platelets 15 x 10°/L, and leukocytes 227 x 10%/L with 40% blasts
and 8% monocytes (18.2 x 10°/L). The bone marrow was hyper-
cellular with 96% blasts, which were positive for myeloperoxidase
but negative for non-specific esterase staining. Immunophenotypic
analysis by flow cytometry showed that the blasts were positive
for CD7, CD13, CD33, CD34, and HLA-DR expression and nega-
tive for lymphoid markers. Chromosome analysis of bone marrow
cells revealed 47,XY,+21[2]/46,XY[38]. The patient had no clini-
cal findings of Down syndrome. Interphase fluorescence in situ
hybridization (FISH) analysis using a specific probe for the RUNX1
gene labeled with Spectrum-Green plus a set of 3 probes for 21q22
(D215259, D21S341 and D21S342) labeled with Spectrum-Orange,
showed that 26 out of 1000 bone marrow cells had 3 green and 3 red
signals (2.6%). Serum and urine lysozyme levels were 43.4 ug/mL
(reference range, 5.0-10.2 pg/mL) and 8.6 wg/mL (undetectable in
normal subjects), respectively. Although morphological analysis of
bone marrow cells was suggestive of a diagnosis of AML-M2 based
on the FAB classification, the final diagnosis was AML-M4 because
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of the increased number of peripheral blood monocytes and ele-
vated serum and urine lysozyme levels [9]. The patient was treated
with the AML-99 protocol [10] and achieved complete remission
after the first course of chemotherapy. Chromosome analysis of
the bone marrow cells showed a normal karyotype, 46,XY in all
20 cells analyzed. He received 5 additional courses of consolida-
tion chemotherapy, which was finished in June 2007. Trisomy 21
was never found on chromosome analysis performed after each
course of chemotherapy. He has remained in continuous complete
remission for 4 years after diagnosis.

2.2. Case2

A 14-year-old girl was referred to our hospital in April 2007
because of fever, nasal bleeding, and gingival swelling and bleed-
ing. On admission, petechiae were observed over the body, and the
liver and spleen were palpable 8 cm and 4 cm below the costal mar-
gin, respectively. Examination of the peripheral blood revealed the
following: hemoglobin 5.1 g/dl, platelets 4 x 10%/L, and leukocytes
73.1 x 10°/L with 56% blasts and 15% monocytes (11.0 x 10%/L). The
bone marrow was hypercellular with 61% blasts, which were pos-
itive for myeloperoxidase but negative for non-specific esterase
staining. Surface marker analysis showed that the blasts expressed
CD7,CD13, CD33, CD34, and HLA-DR. Cytogenetic analysis of bone
marrow cells revealed 47,XX,+21[2]/46,XX[18]. The patient did not
manifest characteristics associated with Down syndrome. Inter-
phase FISH analysis using a probe for the RUNX1 gene showed
that 41 out of 1000 bone marrow cells had trisomy 21 (4.1%). The
serum lysozyme level was elevated at 43.1 p.g/mL, but lysozyme
was undetectable in urine. A diagnosis of AML-M2 was suggested
by the morphological findings of the bone marrow cells, but periph-
eral blood monocytosis and an elevated serum lysozyme level led
to a final diagnosis of AML-M4. The patient underwent induction
chemotherapy using the AML-99 protocol and achieved complete
remission after a single course of chemotherapy. Cytogenetic analy-
sis of bone marrow cells showed a normal female karyotype inall 20
metaphases analyzed. She was subsequently treated with 5 courses
of consolidation chemotherapy and completed therapy in Novem-
ber 2007. Trisomy 21 was never detected on chromosome analysis
performed after each course of chemotherapy. She has remained in
continuous complete remission for 3 years after diagnosis.

The clinical characteristics and laboratory data of the 2 patients
are summarized in Table 1. No mutations were detected in the
RUNX1 or GATA1 genes in DNA from the patient’s bone marrow
cells (data not shown).

3. Discussion

We describe the first 2 pediatric CD7-positive AML cases with
trisomy 21 as a sole acquired abnormality. These cases shared sev-
eral unique clinical features. First, both patients were diagnosed
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Table 1
Clinical characteristics and laboratory data of the patients.
Case 1 Case 2
Age 15y 14y
Sex Male Fernale
WBC count (x10%/L) 227 73.1
FAB classification M4 M4
Non-specific Negative Negative
esterase staining
Monocyte count 18.2 11.0
(x10°/L)
Serum lysozyme 434 43.1
level? (jug/ml)
Urine lysozyme 8.6 Not detected

levelP (pg/ml)

Immunophenotype CD7,13,33,34,HLA-DR CD7, 13,33, 34, HLA-DR
Karyotype 47,XY,+21[2]/46,XY[38] 47 XX, +21[2}/46,XX[18]
Trisomy 21-positive 26/1000 cells 41/1000 cells

cells on FISH

analysis
CR after 1st course of Yes Yes

chemotherapy
Outcome CR, 4y after diagnosis CR, 3y after diagnosis

WBC, white blood cell; FAB, French-American-British; FISH, fluorescence in situ
hybridization; CR, complete remission.

2 Reference range, 5.0-10.2 p.g/mL.

b Undetectable in normal subjects.

with AML-M4 based on the FAB classification because of their
peripheral blood monocytosis (=5 x 10%/L) and elevated serum
and/or urine lysozyme levels (>3 x normal values), although blasts
in the bone marrow were negative for non-specific esterase and
were morphologically classified as AML-M2 [9]. Some reports have
suggested that AML with trisomy 21 as a single abnormality is asso-
ciated with AML-M2, -M4 and -M5 [2,3], but monocyte counts and
lysozyme levels were not discussed. Our findings indicate that eval-
uation of monocyte counts and serum/urine lysozyme levels are
important for correct FAB classification of AML with this karyotypic
abnormality.

Second, trisomy 21 was observed in only 2 out of the 40 or 20
bone marrow cells examined in Case 1 and 2, respectively, which
were much lower percentages than the percentages of morpho-
logically detected blast cells (96% and 61%, respectively). These low
fractions of trisomy 21-positive cells were confirmed by interphase
FISH analysis (2.6% and 4.1% in Case 1 and 2, respectively). We think
that a constitutional mosaic trisomy 21 (mosaic Down syndrome)
is not likely, because trisomy 21 was never found on serial cytoge-
netic analyses performed after remission in either patient (a total of
100 bone marrow cells were analyzed in each patient). These results
clearly show that most of the blast cells had normal karyotypes and
the blasts that had acquired trisomy 21 were minor clones in both
patients.

Third, both patients achieved complete remission after the first
course of chemotherapy and have remained in continuous com-
plete remission for 3-4 years after diagnosis. Although several
reports have indicated that this chromosomal abnormality is asso-
ciated with poor prognosis [3,4], the prognostic implications have
not been fully evaluated, because there are so few patients with
this anomaly. To confirm that pediatric CD7-positive AML with this
karyotypic abnormality has a favorable outcome, more patients
need to be studied.

In conclusion, we report the first 2 pediatric cases of CD7-
positive AML with trisomy 21 as a sole acquired chromosomal
abnormality. The patients shared some clinical features including
AML-M4 subtype, the presence of minor clones with trisomy 21,
and favorable outcomes, and they might have had a distinct subtype
of AML.
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Summary

While acute megakaryoblastic leukaemia (AMKL) occurs in children with
(DS-AMKL) and without (paediatric non-DS-AMKL) Down syndrome, it
can also affect adults without DS (adult non-DS-AMKL). We have analysed
these subgroups of patients (11 children with DS-AMKL, 12 children and
four adults with non-DS-AMKL) for the presence of molecular lesions,
including mutations and chromosomal abnormalities studied by sequencing
and single nucleotide polymorphism array-based karyotyping, respectively. In
children, AMKL was associated with trisomy 21 (somatic in non-DS-AMKL),
while numerical aberrations of chromosome 21 were only rarely associated
with adult AMKL. DS-AMKL was also associated with recurrent somatic
gains of 1q (4/11 DS-AMKL patients). In contrast to trisomy 21 and gains of
1q, other additional chromosomal lesions were evenly distributed between
children and adults with AMKL. A mutational screen found GATAI
mutations in 11/12 DS-AMKL, but mutations were rare in paediatric non-
DS-AMKL (1/12) and adult AMKL (0/4). JAK3 (1/11), JAK2 (1/11), and
TP53 mutations (1/11) were found only in patients with DS-AMKL. ASXL],
IDH1/2, DNMT3A, RUNX1I and CBL mutations were not found in any of the
patient group studied, while NRAS mutation was identified in two patients
with paediatric non-DS-AMKL.

Keywords: acute megakaryoblastic leukaemia, children, Down syndrome,
chromosome abnormality, single nucleotide polymorphism array.

Acute megakaryoblastic leukaemia (AMKL) is a heterogeneous
subtype of acute myeloid leukaemia (AML) with diverse
genetic and morphological characteristics. AMKL, a rare form
of AML (3-14%), is more frequent in children than in adults.
In Down syndrome (DS), AMKL predominates and is
associated with somatic GATAI mutations (Wechsler et al,
2002; Hirose et al, 2003; Rainis et al, 2003). While most
paediatric cases are de novo AMKL, adult AMKL is frequently
observed as a secondary leukaemia after chemotherapy or
leukaemic transformation of several chronic myeloproliferative
neoplasms (MPNs) including chronic myeloid leukaemia
(CML), polycythaemia vera (PV), essential thrombocytosis
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(ET), and idiopathic myelofibrosis (IMF) (Akahoshi et al,
1987; Radaelli et al, 2002; Mesa et al, 2005). Based on these
findings, AMKL can be divided into three groups; i.e., AMKL
with DS (DS-AMKL), paediatric AMKL without DS (paedi-
atric non-DS-AMKL), and adult AMKL without DS (adult
non-DS-AMKL).

Between 20% and 30% of children with DS-AMKL have a
preceding history of transient abnormal myelopoiesis (TAM),
in which the blasts are morphologically and phenotypically
indistinguishable from those of AMKL (Zipursky et al, 1992).
Somatic mutations of the GATAI gene are found in both TAM
and DS-AMKIL, suggesting that the acquisition of additional




genetic alterations might be necessary for progression from
TAM to AMKL (Ahmed et al, 2004). Although acquired
mutations of TP53, JAK3, JAK2 or FLT3 have been found in
patients with DS-AMKL, the incidence of those gene muta-
tions was low, and TP53 and JAK3 gene mutations have been
identified in both DS-AMKL and TAM (Malkin et al, 2000;
Walters et al, 2006; De Vita et al, 2007; Kiyoi et al, 2007;
Klusmann et al, 2007; Malinge et al, 2008). Mutations of
GATAL JAK2, FLT3, KIT, or MPL were also found in children
with non-DS-AMKL (Malinge et al, 2008). JAK3 and TP53
mutations were reported in adult AMKL patients (Kiyoi et al,
2007). More recently, somatic mutations of genes, including
those associated with proliferation signalling [CBL (Dunbar
et al, 2008; Makishima et al, 2009; Sanada et al, 2009), RUNX1
(Gaidzik et al, 2011)] and with modification of epigenetic
status [ASXLI (Chou et al, 2010), DNMT3A (Ley et al, 2010)],
have been found in various myeloid malignancies including
AML, but not fully investigated in an AMKL cohort until now.

Recently, array-based comparative genomic hybridization
(CGH-A) or single nucleotide polymorphism arrays (SNP-A)
have been utilized to investigate pathogenetic lesions in
haematological malignancies. Both technologies can detect
microdeletions and microduplications, which are usually
missed by conventional metaphase analysis. Additionally,
SNP-A can detect loss of heterozygosity (LOH) due to
acquired uniparental disomy (UPD), a common type of
chromosomal lesion in myeloid malignancies, including
AML(Gondek ef al, 2007). Here we have analysed and
compared the molecular lesions in AMKL, in particular in
the three subtypes of this disease (DS-AMKL, paediatric non-
DS-AMKL, and adult non-DS-AMKL).

Methods

Patients

Informed consent for sample collection from patients or their
parents was obtained according to the institutional review
board-approved procedures and protocols. We studied 11
patients with DS-AMKL and 16 with non-DS-AMKL (12
children and four adults) investigated at the Nagoya University
Graduate School of Medicine, Nagoya, Japan and the Cleve-
land Clinic, Cleveland, Ohio, USA. Some of the paediatric
patients (DS-AMKL-1-8, paediatric non-DS-AMKL-1-11)
have been reported previously (Hama et al, 2008a,b). Charac-
teristics of the patients with AMKL are summarized in Table 1.
The diagnosis of AMKL was based on morphology, histopa-
thology, and the expression of megakaryocyte-specific anti-
gens, CD41, CD42 or CD61. The diagnosis of DS was
confirmed by conventional cytogenetic analysis. Bone marrow
or peripheral blood samples were obtained from the patients
with AMKL at the time of diagnosis. Molecular analysis of the
mutational status was approved by the Ethics Committee of
Nagoya University Graduate School of Medicine and Cleve-
land Clinic. In addition, we analysed a cohort of 642 adult and

© 2011 Blackwell Publishing Ltd, British Journal of Haematology, 156, 316-325
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232 paediatric patients with AML for the presence of trisomy
21 and frequency of AMKL, and a cohort of 798 various
myeloid malignancies with SNP-A karyotyping data for the
presence of a commonly gained region of 1q.

SNP-A karyotyping analysis

Mononuclear cells were isolated using Ficoll-Hypaque density
gradient centrifugation and cryopreserved until use. Genomic
DNA was extracted using the QIAamp DNA Blood Mini Kit
(Qiagen, Chatsworth, CA). High-density. Affymetrix single
nucleotide polymorphism arrays (SNP-A) (6.0) (Affymetrix,
Santa Clara, CA, USA) were applied as a karyotyping platform
to identify LOH, microduplication and microdeletion as
previously described (Gondek et al, 2007, 2008).

Bioinformatic analysis

Signal intensity was analysed and SNP calls determined using
Gene Chip Genotyping Analysis Software Version 4.0 (GTYPE).
Genotyping console v3.0 (Affymetrix) was used for analysis of
6.0 arrays as previously described (Gondek er al, 2007, 2008).

We excluded germ-line encoded copy number variants
(CNVs) and non-clonal areas of gene copy number-neutral
LOH from further analysis by utilizing a bioanalytic algorithm
based on lesions identified by SNP-A in an internal control
series (IN = 1003) and reported in the Database of Genomic
Variants (http://projects.tcag.ca/variation/). Through calcula-
tion of their average sizes, we defined a maximal size of germ
line LOH in the controls and consequently excluded all defects
of this type in patient samples; according to 95% confidence
interval, stretches of UPD >25-8 Mb were considered unlikely
to be of germline origin. In addition, all non-clonal areas of
UPD seen in controls were interstitial.

Gene mutational screening

To screen for gene mutations, genomic DNA was amplified by
polymerase chain reaction (PCR); sequenced genes included
GATAI (exons 2, 3) (Hirose et al, 2003), JAK2 (exon 14), JAK3
(exon 2-24) (Kiyoi et al, 2007), TP53 (exons 5-8) (Hirose et al,
2003), FLT3 (exons 11, 12, and 17) (Hirose et al, 2003), NRAS
(codons 12, 13 and 61) (Hirose et al, 2003), ASXLI (exon 13)
(Sugimoto er al, 2010), IDHI/IDH2 (exon 2/exon 4) (Yan
et al, 2009), DNMT3A (exon 23) (Ley et al, 2010), RUNXI
(exons 3-8) (Kohlmann et al, 2010), and CBL (exon 8, 9)
(Makishima et al, 2009), as previously described.

Statistical analysis

For comparison of the frequency of mutations or other clinical
features between disease groups, categorical variables were
analysed using the Fisher’s exact test and continuous variables
were tested using Mann~Whitney U test. All reported P values
were two-sided, with a significance level of o = 0-05 used.
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Table 1. Patient characteristics.

Age at WBC at Dx  Induction

Disease Sex Dx (years) (x 10°/1) failure Relapse HSCT Survival Cause of death  Results of metaphase cytogenetics

DS-AMKL-1 M 1 62 - - - Alive - 47,XY,der(7)t(1;7)(q23;q36),del(20)(q11q13-1),+21c

DS-AMKL-2 M 1 49 + - UR-BMT Dead Heart failure 48,X,der(X)t(X;1)(q28;q25),+11,+21c

DS-AMKL-3 M 2 53 - - - Alive - 47,XY,del(11)(p?),+21c [18/201/46, XY [2/20]

DS-AMKIL-4 F 1 160 - - - Alive - 47,XX,+21c [14/20]/90,idemx2,-3,-7,-9,del(11)(q?),-18 [6/20]

DS-AMKL-5 M 1 44 - - - Alive - 47,XY,add(7)(q22),+add(21)(q22) [2/20]/48,idem,+add(21)
[6/20]/47,idem,del(6)(q?) [2/20]

DS-AMKL-6 F 2 1070 - - - Alie - 47,XX,4(5;12) (p15:q21),+add(7) (p11),+21c,+add(22)(q13)

DS-AMKL-7 F 2 107 + + - Dead Leukaemia 47,XX,del(7)(p15),+8,del(13)(q12q32),-14,der(14;21)(q10;q10)
c,del(17)(p1l),+21c,+mar

DS-AMKL-8 F 1 161 . - . Alive . 47,XX,+21c

DS-AMKL-9 F 2 64 - - - Alive - 47, XX,+21c

DS-AMKL-10 M 2 10-8 - - - Alive - 48,XY,+21€,+2l,dér(ZZ),t(1;22)(q2?;q13)

DS-AMKL-11 M 1 33 - + UR-CBT Dead Relapse 47,XY,add(7)(p11-2)

Paediatric non-DS-AMKL-1 F 2 423 - - Auto Alive - 46,XX,del(2)(q11),del(2)(q31),der(5)t(2;5)(q11;q22),der(5)t(5;213)
(935;2q14),-13, add(16)(p13),+mar

Paediatric non-DS-AMKL-2 F 15 2:0 - - Auto Alive - 49,XX,+5,+8,i(17)(q10),+21

Paediatric non-DS-AMKL-3  F 2 487 . + Auto Dead Relapse 47,XX,+add(16)(p13),+21

Paediatric non-DS-AMKL-4 'F 0 375 + - - Dead Leukaemia 46,XX,t(1;22)(p13;q13) [5/20]

Paediatric non-DS-AMKL-5 M 1 10 - - UR-CBT  Alive - 46,XY

Paediatric non-DS-AMKL-6 F 1 144 - - - Alive - 58,XX,+X,+2,+2,+6,+7,+8,+10,+13,+15,+19,+19,+22

Paediatric non-DS-AMKL-7 M 3 22 + + UR-BMT Dead Relapse 46,XY,t(16;21)(p11;q22) [18/20]/46,idem,add(11)(q13),
del(13)(ql2q14) [2/20]

Paediatric non-DS-AMKL-8 M 0 260 + - R-BMT Alive - 46,XY,t(2;7)(p12;p22)

Paediatric non-DS-AMKL-9 F 0 179 + - R-BMT Alive - 46,XX,-7,-7,del(11)(p11),+2mar,inc

Paediatric non-DS-AMKL-10 M 1 123 - - - Alive - 51,XY,+der(1) t(1;22)(p13;q13),t(1;22)(p13;q13),+6,+7,+10,+19
[13/20]/53, idem,+6,+8 [3/20]

Paediatric non-DS-AMKL-11 M 1 57 + - - Dead Leukaemia 45,XY,-11,der(11)t(3;11)(q21;p15)

Paediatric non-DS-AMKL-12 F 1 260 - + R-BMT Dead Relapse 47,XX,t(1;22)(p13;q13),der(2),t(1;2)(q23;935),+19

Adult non-DS-AMKL-1 M 54 19-4 Refused - - Dead Leukaemia 46,XY,add(6)(p23),del(11)(q13q23),del(13)(q14q22)

chemotherapy [4/20]/46,idem,del(7)(q22) [16/20]

Adult non-DS-AMKL-2 M 48 09 + - - Dead Leukaemia 46,XY,t(2;12)(q32;q24),der(3)t(3;12)(q21;q12)

Adult non-DS-AMKL-3 F 43 22 - + UR-BMT Alive - 46,XX,t(3;3)(q21;q926)

Adult non-DS-AMKL-4 F 60 61 - - - Alive . 46,XX

DS-AMKL, acute megakaryoblastic leukaemia with Down syndrome; Dx, diagnosis; WBC, white blood cell count; IF, induction failure; HSCT, haematopoietic stem cell transplantation; UR-CBT, unrelated
cord blood stem cell transplantation; UR-BMT, unrelated bone marrow transplantation; R-BMT, related bone marrow transplantation.
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Results

Cytogenetic and clinical characterization of AMKL
patients

To enhance cytogenetic diagnosis, metaphase cytogenetics was
complemented by SNP-A-based karyotyping using Affymetrix
6.0 arrays. Using conventional cytogenetics, somatic chromo-
somal aberrations were found in 23/27 patients. SNP-A-based
karyotyping confirmed most unbalanced defects, including the
germline gain of chromosome 21 in DS patients. Somatic

#) DS-AMKL (n = 11)

() non-DS-AMKL (n = 12)
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gains, other than germline trisomy 21, were found in seven DS-
AMKL patients, including recurrent duplication of 1q31q44 in
4 and 7q in 2 DS-AMKL (Fig 1A). Deletions were found in
eight DS-AMKL patients, including deletion 5p and 7p in two
patients each. UPD 3q and UPD 7p were found in another DS-
AMKL patient. Somatic gains were found in seven paediatric
non-DS-AMKL cases, including trisomy 8 in 2 and somatic
trisomy 21 in two patients while deletions were present in five
patients, including deletion 7q and 13q in two patients,
respectively (Fig 1B). Deletions were found only in one adult
non-DS-AMKL patient, including deletion 2q and 17q. An
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Fig 1. Single nucleotide polymorphism array-based karyotyping of AMKL. Genomic distribution and type of lesion identified by single nucleotide
polymorphism array analysis in patients with DS-AMKL (n = 11) (A) and with non-DS-AMKL (1 = 12) (B). Green bars represent gain, red bars
indicate deletion, and blue corresponds to uniparental disomy. The fine red line pinpoints the locus of TP53 gene mutated at that locus. Somatic gains
other than trisomy 21 were found in seven DS-AMKL patients, including recurrent duplication of 1q in 4 and 7q in two patients.
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Table II. Mutational status of pathogenic genes in DS-AMKL and non-DS-AMKL patients.

Mutational status analysed gene

Patient number GATAI JAK3 JAK2Y®YF  TP53 NRAS ASXL1 FLT3 IDHI/2 DNMT3A RUNX! CBL

DS-AMKL-1

DS-AMKL-2

DS-AMKL-3

DS-AMKL-4

DS-AMKL-5

DS-AMKL-6

DS-AMKL-7

DS-AMKL-8

DS-AMKL-9

DS-AMKL-10

DS-AMKL-11

Paediatric non-DS-AMKL-1

Paediatric non-DS-AMKL-2

Paediatric non-DS-AMKL-3

Paediatric non-DS-AMKL-4

Paediatric non-DS-AMKL-5

Paediatric non-DS-AMKL-6

Paediatric non-DS-AMKL-7

Paediatric non-DS-AMKL-8

Paediatric non-DS-AMKIL-9

Paediatric non-DS-AMKL-10

Paediatric non-DS-AMKL-11

Paediatric non-DS-AMKL-12

Adult non-DS-AMKL-1

Adult non-DS-AMKL-2

Adult non-DS-AMKL-3

Adult non-DS-AMKL-4

Total 11 1 1 1 2 0 0 0 0 0 0

Grey cells and white cells represent gene mutation and wild type, respectively.
DS, Down syndrome; AMKL, acute megakaryoblastic leukaemia.

320 » © 2011 Blackwell Publishing Ltd, British Journal of Haematology, 156, 316-325
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Fig 2. Summary of 1q gain lesions within the common region found in the DS-AMKL cohort: detected by single nucleotide polymorphism array
(SNP-A) karyotyping in 22 of 798 patients with haematological disease. Analysis of the SNP-A karyotyping data of 798 patients with various
haematological diseases identified 22 patients who harboured 1q gains that overlapped a region commonly duplicated in 4 DS-AMKL patients
[Region A (574 Mb)]. Region B (118 kb), including only one gene (ESRRG) was shared by 91% (20/22) of patients. Region C (172 kb) was shared by
86% (19/22) patients, in which three genes (ACBD3, MIXLI, and LIN9) were located. Region D (2265kb) was shared by 86% (19/22) patients, and
contained 10 genes including AKT3. Purple and pale blue bars indicate 1q gains found in DS-AMKL {(n = 4) and other haematological diseases
(n = 18), respectively. The diagnosis of 22 patients with 1q gains are as follows: DS-AMKL (1 = 4), chronic myelomonocytic leukaemia (1 = 5),
secondary AML (n = 5), myelodysplastic syndrome (MDS) (1 = 3), Fanconi anaemia (n = 2), idiopathic myelofibrosis (n = 1), chronic myeloid
leukaemia (1 = 1), and aplastic anaemia-derived MDS (1 = 1).

overall complex karyotype (three or more abnormalities) was AMKL. While this alteration was never reported as a SNP and
found in 6/11 DS-AMKL and 4/12 paediatric non-DS-AMKL. not found in over 100 normal individuals from Japan, the
nucleotide change was confirmed to be not of somatic origin,
rather is it likely to represent a rare non-synonymous SNP
found in a complete remission following successful chemo-
Gene mutational status was analysed in 11 patients with DS- therapy.

AMKL and 16 with non-DS-AMKL (12 children and four
adults with AMKL, Table II). GATAI mutations were found in
10/11 (91%) with DS-AMKL, but only in one paediatric non-

Mutational analysis of patients with AMKL

Comparison of pathogenetic lesions among subgroups of

DS-AMKL and not found in adult patients. NRAS mutations AMKL
(Q61R; G128) were found in two paediatric non-DS-AMKL GATAI mutations were more frequently found in DS-AMKL
patients. JAK2 (V617F), JAK3 (Q501H), TP53 (V157D) (10/11) compared to non-DS-AMKL (1/16) (P < 0-001),
mutations were found in a single DS-AMKL patient (DS- consistent with previous reports. Additional mutations
AMKL-7). ASXL1, IDHI1/2, DNMT3A, RUNXI and CBL screened were only rarely found in DS-AMKL and non-DS-
mutations were not found in AMKL. With the exception of AMKL and thus the statistical comparisons were not war-
a hemizygous TP53 mutation (microdeletion on 17p), all of ranted.
the other mutations studied were heterozygous. However, when the cytogenetic defects detected by SNP-A
Perhaps of interest, we have identified a non-synonymous analysis were analysed, the frequency of 1q gain was signifi-
amino acid change in ASXL1 (K888T) in a child with non-DS- cantly higher in DS-AMKL as compared to non-DS-AMKL
© 2011 Blackwell Publishing Ltd, British Journal of Haematology, 156, 316-325 321
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Table III. Comparison of somatic lesions detected by SNP-A analysis
between DS-AMKL and non-DS-AMKL.

DS-AMKL  Non-DS-AMKL

Type of somatic lesion (n=11) (n=12) P-value
Somatic 1q gain
Yes 4 0 0-02
No 7 12
Somatic gain lesion other than germline +21
Yes 6 7 NS
No 5 5
Somatic loss lesion
Yes 8 5 NS
No 3 7
Somatic UPD lesion
Yes 1 0 NS
No 10 12
Any somatic lesion
Yes 8 8 NS

No 3

SNP-A, single nucleotide polymorphism array; DS, Down syndrome,
AMKL, acute megakaryoblastic leukaemia, UPD; uniparental disomy,
NS; not significant.

[36% (4/11) vs. 0%, P = 0-02]. We also screened the SNP-A
karyograms of 798 patients with myeloid malignancies
(including paediatric and adult leukaemias, Fig 2) and found
a commonly affected region on 1q (57-4 Mb, 188 533 848-
245 934 866) in 2:8% (22/798) patients (Fig 2, region A),
defined by patients with DS-AMKL. In addition to these four
DS-AMKL patients, gain of 1q was also found in chronic
myelomonocytic leukaemia (n = 5), secondary AML (n = 5),
myelodysplastic syndrome (MDS, # = 3), Fanconi anaemia
(n = 2), idiopathic myelofibrosis (n = 1), CML (n = 1), and
aplastic anaemia-derived MDS (n = 1). We were also able to
determine that an alternate commonly affected region on lq
(region B, 118 kb) was shared by 20/22 patients. This region
was defined by a somatic microduplication in a patient with
idiopathic myelofibrosis and contained only the ESRRG gene.

Regions C (172 kb) and D (2-2 Mb) were shared by (19/22)
each and harboured 3 and 10 genes, respectively (Fig 2). The
frequencies of all other somatic lesions (gains, losses, UPDs)
were not statistically different between patient groups
(Table III).

Correlation between somatic trisomy 21 and
megakaryoblastic phenotype

In addition to germline-encoded trisomy 21 of DS, somatic
trisomy 21 was found in two additional patients with
paediatric non-DS-AMKL. To establish whether there was an
association between trisomy 21 and megakaryoblastic mor-
phology, we analysed a cohort of paediatric AML patients
without DS; AMKL was found in 23/232 of them. AMKL was
found in 9/642 cases of adult AML without DS. Somatic
trisomy 21 was present in 8 paediatric AML patients that
showed megakaryoblastic phenotype (P < 0-001), while no
association was found in adults (trisomy 21 was found in 21
patients, of whom none had AML with megakaryoblastic
morphology; P > 0:999). To confirm our results, we also
analysed 6009 adult AML without DS registered in the
Mitelman Database of Chromosome Aberrations and Gene
Fusions in Cancer (Mitelman et al, 2011) and found non-DS-
AMKL in 130 patients. Somatic trisomy 21 was present in 264
adult AML patients, of whom only seven had non-DS-AMKL
(P = 0515, Table IV).

Discussion

In AML, distinct molecular lesions may lead to a similar
clinical phenotype; conversely, specific morphological features
could be a result of recurrent lesions. For instance, AMKL is
frequently seen in children with DS and is characterized by the
presence of GATAI mutations; thus, we posed a question
whether AMKL seen in children and adults share common
molecular abnormalities. As expected, GATAI mutations were
rare in non-DS-AMKL and found in only 1/11 children with
this condition. To date, a few children with GATAI mutations
in non-DS-AMKL have been reported (Rainis et al, 2003;
Malinge et al, 2008). Interestingly, all of them had acquired
trisomy 21 in their leukaemic cells. Our non-DS-AMKL

Table IV. Association between somatic trisomy 21 and megakaryoblastic morphology in paediatric and adult AML patients without DS.

Somatic trisomy 21

Patient cohort Morphology Present Absent P-value

Paediatric AMLwithout DS (N = 232) (Nagoya University) AMKL (n = 23) 8 15 <0-001
Other AML (n = 209) 6 203

Adult AML without DS (N = 642) (Cleveland Clinic) AMKL (n=9) 0 9 >0:999
Other AML (n = 633) 21 612

Adult AML without DS (N = 6009) (Mitelman database) AMKL (n = 130) 7 123 0515
Other AML (n = 5879) 257 5622

322 © 2011 Blackwell Publishing Ltd, British Journal of Haematology, 156, 316-325



patient with GATAI mutation did not have acquired trisomy
21 in his leukaemic cells. Recently, mutations in JAK2, JAK3,
TP53, FLT3, ASXL1, DNMT3A, IDH]I, and IDH2 have been
found in various myeloid malignancies, including AML; some
of these genes could be involved in signalling along the
megakaryoblastic differentiation pathway. In this series of
experiments we analysed a large cohort of AMKL for the
presence of distinctive or shared chromosomal and genetic
defects.

In addition to genes previously reported as mutated in
AMKI. (JAK2, JAK3, TP53), we identified NRAS mutation in
two children with non-DS-AMKL but genes recently identified
in various myeloid malignancies (ASXL1, DNMT3A, IDHI,
IDH?2, RUNX1, and CBL) were not found to be mutated in our
AMKL cohort. While having only a few cases precluded
systematic analysis, it appears that adult and paediatric cases of
AMKL do not display distinctive mutational patterns.

In addition to the germline trisomy 21 in DS, somatic
duplications of chromosome 21 were found in two cases of
paediatric non-DS-AMKL. In paediatric AML, trisomy 21 is
strongly linked to megakaryoblastic AML phenotype, as
further analysis of AML with this lesion revealed six additional
cases of AMKL, and as result, 8/23 cases of somatic trisomy 21
were AMKL. Conversely, there is no significant association
between trisomy 21 and adult AMKL in both the Cleveland
Clinic cohort and Mitelman Database. It is speculated that the
presence of trisomy 21 contributes to megakaryoblastic
phenotype only in the paediatric population.

A distinctive feature of DS-AMKL is the presence of a gain
of 1q, found in 4/11 cases and absent in all other cases of non-
DS-AMKL. Gain of 1q through duplication, isochromosome
formation or unbalanced translocations, is one of the most
frequent acquired cytogenetic abnormalities in human neo-
plasia and has also been found in various haematological
malignancies, including B-lineage acute lymphoblastic leukae-
mia (B-ALL) (Johansson et al, 2004), multiple myeloma
(Nilsson et al, 2003), and non-Hodgkin lymphomas (Johans-
son et al, 1995). Expression analyses implicated several upreg-
ulated genes associated with this amplification in ALL
(Davidsson et al, 2007). Similarly, 1q gain was also found in
DS-AMKL patients (Hayashi et al, 1988; Silva et al, 2009); a
recent international Berlin-Frankfurt-Munster (iBFM) study of
the cytogenetic metaphase analysis reported significantly
higher incidence of 1q gains in DS-AML (16%) compared to
non-DS-AML (2%) (Forestier et al, 2008). In 2/4 patients,
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Induced pluripotent stem (iPS) cells are of potential value not only for regenerative medicine, but also for disease investigation. The
present study describes the development of a neutrophil differentiation system from human iPS cells (hiPSCs) and the analysis of
neutrophil function and differentiation. The culture system used consisted of the transfer of hiPSCs onto OP9 cells and their culture with
vascular endothelial growth factor (VEGF). After 10 days, TRA 1-857CD34"VEGF receptor-2 (VEGFR-2)"8" cells were sorted and
co-cultured with OP9 cells in the presence of hematopoietic cytokines for 30 days. Floating cells were collected and subjected to
morphological and functional analysis. These hiPSC-derived neutrophils were similar to peripheral blood mature neutrophils in
morphology, contained functional neutrophil specific granules, and were equipped with the basic functions such as phagocytosis,
superoxide production, and chemotaxis. In the process of differentiation, myeloid cells appeared sequentially from immature myeloblasts
to mature segmented neutrophils. Expression patterns of surface antigen, transcription factors, and granule proteins during differentiation
were also similar to those of granulopoiesis in normal bone marrow. In conclusion, differentiation of mature neutrophils from hiPSCs was
suceessfully induced in a similar process to normal granulopoiesis using an OP9 co-culture system. This system may be applied to elucidate
the pathogenesis of various hematological diseases that affect neutrophils.

J. Cell. Physiol. 226: 1283-1291, 201 1. © 2010 Wiley-Liss, Inc.

Neutrophils and/or myeloid differentiation are most commonly
affected in various hematological diseases including inherited
bone marrow failure syndromes and neutrophil function
disorders. Responsible genes have been identified in most of
these syndromes or diseases, but the association between the
gene mutation and the specific phenotype is not always clear.
Moreover, often patients who present with a specific syndrome
lack mutations in the known genes (Alter, 2007). Understanding
the pathophysiology of these syndromes has been challenging
despite the information provided by recent molecular findings,
and in many of these syndromes, experimental models have not
yet been generated.

Murine models of human congenital and acquired diseases
are invaluable for disease investigation, but they provide a
limited representation of human pathophysiology because they
often do not faithfully mimic human diseases. The differences
between murine and human physiologies make human cell
culture an essential complement to research with animal
models of disease. '

Induced pluripotent stem (iPS) cells are reprogrammed
somatic cells with embryonic stem (ES) cell-like characteristics
generated by the introduction of combinations of specific
transcription factors (Takahashi and Yamanaka, 2006; Meissner
et al., 2007; Okita et al., 2007; Takahashi et al., 2007; Yu et al,,
2007; Park et al., 2008b). Given the robustness of the approach,
direct reprogramming promises to be a facile source of
patient-derived cell lines. Such lines would be immediately
valuable not only for regenerative medicine, but for disease
investigation and drug screening as well.

The pluripotency and self-renewal potential of ES cells
contributes to their value in various fields of science (Evans
and Kaufman, 1981). Previous studies using normal or
gene-manipulated ES cells have helped elucidate the process of
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normal embryogenesis and the genetic mechanisms of certain
diseases (Lensch and Daley, 2006; Tulpule et al., 2010). Use of
human embryos, however, faces ethical controversies that
hinder the applications of human ES cells (hESCs). in addition, it
is difficult to generate patient- or disease-specific ES cells, which
are required for their effective application. The use of iPS cells
would avoid the controversies surrounding human embryonic
stem cell research.

Patient-specific iPS cells can be used for the generation of
disease-corrected, patient-specific cells for cell therapy
applications. Disease-specific pluripotent cells capable of
differentiation into the various tissues affected in each condition
can also provide new insights into disease pathophysiology by
permitting analysis in a human system, under controlled
conditions in vitro. Recent studies reported the generation of
disease-specific iPS cell lines from patients with a variety of
diseases (Park et al., 2008a; Raya et al., 2009; Agarwal et al,,
2010). Therefore, disease-specific iPS cells are expected to be
good models for the investigation of different diseases, and
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