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EZH2 genes (Figure 2a), strongly suggesting that these genes may
independently affect PRC2 function.

Two distinct mutations lacking a part of intron 5 and the entire
exon 6 were found in individuals with CMML1 and refractory
anemia with excess blasts 2 (RAEB2) (U31 and U187, respectively)
(Figure 1a). In these patients, exon 5 should be either spliced to
exon 7 or followed by intron 5, and in each case consequently
creates a new stop codon; therefore the mutations are predicted

to produce proteins lacking part of the WD40 Il motif and all
of the WD40 motifs lII-V (hereafter referred to as the AC185
mutant) (Figure 1a). A genomic region containing exon 5 was
absent in an acute myelogenous leukemia (M4) patient with
myelodysplasia-related changes arising from CMML (U107) (Figure 1a).
In U107 subject, exon 4 should be followed by exon 6 in frame;
therefore, the corresponding protein product (hereafter referred
to as the A143-184 mutant) lacks part of the first and second
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WDA40 repeats (Figure 1a). One refractory cytopenia with unilineage
dysplasia subject (U121) possessed a missense mutation (T719A;
CTA > CAA), producing a Leu363GIn amino-acid substitution (hereafter
referred to as the L240Q mutant) (Figure 1a). In addition, another
CMML1 subject (U161) possessed a missense mutation (T1089G;
ATT>ATG), producing an lle363Met amino-acid substitution
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(hereafter referred to as the 1363M mutant) (Figure 1a). The exon
11 deletion in another refractory cytopenia with unilineage
dysplasia subject (U198) is predicted to produce an EED protein
that lacks one and a half of the WD40 repeat motifs located at the
C terminus (hereafter referred to as the AC376-441 mutant), as
exon 10 should be followed by exon 12 with premature stop
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Figure 2. EED mutations in MDS and related diseases. (a) Characterization of samples with EED mutation. ®Patient ID and SNP array are as

previously described.' PClassification is according to the International Prognostic Scoring System. ND, not determined. (b) Impaired integrity
of PRC2 promotes the pathogenesis of MDS and related diseases. EED exon deletions and L240Q mutation inhibit the PRC2 function through
lower expression of EED proteins with or without impaired binding to EZH2. The 1363M mutation interrupts the active interaction between
H3K27me3 and EED.

<
Figure 1. Functionally defective mutations of EED in MDS and related diseases. (a) EED mutations detected in individuals with MDS and related
diseases. The exon/intron structure, nuclectide sequence chromatogram, predicted protein structure and the Myc-tagged EED proteins used
in this study are shown. |-V, WD40 repeat motifs. Dagger symbols indicate amino acids whose mutations were linked to myeloproliferative
disorder in mice. Asterisks indicate amino acids necessary for binding to H3K27me3. In exon-deleted subjects (U31, U107, U187 and U198),
PCR spanning the deletion point resulted in two distinct bands. Sequence chromatograms show the results from direct sequencing of the
purified smaller bands, whereas the larger bands represented the corresponding wild-type EED sequences (data not shown). (b) EED protein
and mRNA levels following forced expression in 293T cells. Cells were harvested with 2% SDS-sample buffer for western blot analysis (top) or
Trizol reagent for northern blot analysis (bottom). Arrowheads indicate poorly expressed proteins of exon deletion mutants. EV, empty vector.
(¢) Interaction of EZH2 with EEDs. 293T cells were transfected with plasmids expressing the proteins indicated. The amounts of plasmids were
adjusted to achieve similar protein expression levels at the stage of transfection. Cell lysates were immunoprecipitated and analyzed by
western blot using anti-Flag (EZH2) and anti-Myc (EED) antibodies. Input represents 0.5% or 2% of cell lysate used for IP (Myc or Flag,
respectively). Igl, immunoglobulin light chain. (d) 1363M mutant decreases global H3K27me3 levels through impaired interaction to
H3K27me3. Left: The alignment of amino-acid sequences surrounding lle363. Blue-shaded boxes indicate well-conserved aromatic cage
residues. The yellow-shaded box indicates the lle363Met mutation found in subject U161 CMML. (Protein DataBank ID code: 3lIW). The boxed
area is magnified on the right side. Middle: Myc-tagged wild-type EED (WT) or 1363M mutant was co-expressed with Flag-tagged EZH2 in 293T
cells. Cell lysates were analyzed in a pull-down assay using H3K27me3 peptide by western blot using an anti-Myc antibody. Input represents
0.5% of cell lysate used for the pull-down assay. Relative binding efficiencies (WT = 1) were estimated by normalizing the densitometry values
representing the bound EED against those from the ‘Input EED Bar graph: mean binding +s.e. from three independent experiments.
*P = (0.0028 (Student’s t-test). Right: Myc-tagged wild-type EED (WT) or I363M mutant was retrovirally transduced in NIH3T3 cells. Acid-extracted
histones were analyzed by western blot using an anti-H3K27me3 or an anti-total H3.
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codon (Figure 1a). In subjects with a deletion (U31, U107, U187
and U198), the deletion points demonstrated the joining of the
5" part and 3’ part with 1- to 8-base-pair microhomology (Figure 1a),
which suggests the possibility that these deletions resulted from
recombination with unequal crossover.?

We first evaluated the cellular expression levels of the mutant
proteins following forced expression in 293T cells. The result
showed that exon deletions (AC185, A143-184, L240Q and AC376-
441) and L240Q mutant expressed significantly less protein than
did either the wild-type or 1363M (Figure 1b, top, indicated by
arrowheads), despite a similar level of expression of the
corresponding mRNAs (Figure 1b, bottom). These results indicate
that the exon deletions and L240Q impaired translation and/or
stability of the EED proteins, and suggest that these mutated
forms are hypomorphic, and thus are functionally defective.
Interaction of EED with EZH2 was demonstrated to be necessary
for the full activity of PRC2;* hence we next examined the binding
ability of the mutant proteins to EZH2. As expected from the
results of the previous studies showing that WD repeats are
important for EED-EZH2 interaction,®' the AC185, A143-184 and
AC376-441 failed to bind to EZH2 (Figure 1c). L240Q, in contrast,
showed comparable binding ability to EZH2 as compared with
wild-type EED. Thus, these results suggest that exon deletions and
an L240Q mutation disrupt the functional integrity of PRC2, owing
to poor protein expression coupled with or without their inability
to bind EZH2.

On the other hand, the 1363M mutant retained the ability to
bind EZH2 and was expressed at a level similar to that of the wild-
type EED (Figures 1b and c), suggesting that this mutant could
incorporate into the PRC2 complex comparably with the wild
type. However, substitution of an amino acid in such close
proximity to the cage residues raised the possibility that it might
affect the EED-H3K27me3 interaction, and therefore PCR2 function
(Figure 1d, left).” We compared the binding of wild-type and
1363M mutant EED in a pull-down assay that employed a synthetic
H3K27me3 peptide ligand. Intriguingly, the 1363M substitution
significantly inhibited the EED-H3K27me3 interaction when co-
expressed in the presence of EZH2 (Figure 1d, middle). In addition,
global H3K27me3 levels were severely decreased in cells stably
overexpressing the 1363M mutant (Figure 1d, right), suggesting
that the PRC2 complex incorporating the [363M mutant is
functionally compromised, possibly through impaired structural
integrity of the aromatic cage.

In summary, all the six mutated forms of EED displayed
functional defects involving changes: (i) protein stability, (ii)
interaction with EZH2 and/or (iii) binding to H3K27me3, thereby
impairing PRC2 function (Figure 2b). We suggest that, in addition
to inactivating mutations of catalytic EZH2,*> non-catalytic EED
mutations exclusively perturb PRC2-mediated epigenetic regula-
tion and substantially contribute to the pathogenesis of MDS and
related diseases (Figure 2b). Recently, Score et al.'® reported a set
of defective gene mutations of PRC2 constituents, including an
EED point mutation, Gly255Asp, in 148 MDS/MPN cases. Our data
suggest that various types of defective EED mutations contribute
to the MDS pathogenesis. Analysis of more samples would clarify
the clinical features of patients with EED mutation(s) in MDS and
related diseases. Our findings highlight that recurrent mutations in
PRC2 may constitute a hew molecular-based disease category of
myeloid malignancies.
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Novel splicing-factor mutations in juvenile myelomonocytic

leukemia

Leukemia (2012) 26, 1879-1881; doi:10.1038/leu.2012.45

Myelodysplastic syndromes (MDS) and myelodysplastic/myelopro-
liferative neoplasms (MDS/MPN) are heterogeneous groups of
chronic myeloid neoplasms characterized by clonal hematopoi-
esis, varying degrees of cytopenia or myeloproliferative features
with evidence of myelodysplasia and a propensity to acute
myeloid leukemia (AML)." In recent years, a number of novel gene
mutations, involving TET2, ASXL1, DNMT3A, EZH2, IDH1/2, and
c-CBL, have been identified in adult cases of chronic myeloid
neoplasms, which have contributed to our understanding of
disease pathogenesis.*~7 However, these mutations are rare in
pediatric cases, with the exception of germline or somatic
¢-CBL mutations found in 10-15% of chronic myelomonocytic
leukemia (CMML) and juvenile myelomonocytic leukemia (UMML)2
highlightin% the distinct pathogenesis of adult and pediatric
neoplasms.

Recently, we reported high frequencies of mutations, involving
the RNA splicing machinery, that are largely specific to myeloid
neoplasms, showing evidence of myeloid dysplasia in adult.'
Affecting a total of eight components of the RNA splicing
machinery (U2AF35, U2AF65, SF3A1, SF3B1, SRSF2, ZRSR2, SF1
and PRPF40B) commonly involved in the 3’ splice-site (3'SS)
recognition, these pathway mutations are now implicated in the
pathogenesis of myeloclysplasia.10 To investigate the role of the
splicing-pathway mutations in the pathogenesis of pediatric
myeloid malignancies, we have examined 165 pediatric cases
with AML, MDS, chronic myeloid leukemia (CML) and JMML for
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Figure 1.

mutations in the four major splicing factors, U2AF35, ZRSR2, SRSF2,
and SF3B1, commonly mutated in adult cases.

Bone marrow or peripheral blood tumor specimens were
obtained from 165 pediatric patients with various myeloid
malignancies, including de novo AML (n=93), MDS (n=28),
CML (n=17) and JMML (n=27), and the genomic DNA (gDNA)
was subjected to mutation analysis (Supplementary Table 1). The
status of the RAS pathway mutations for the current JMML series
has been reported previously (Supplementary Table 2).'"'?
Nineteen leukemia cell lines derived from AML (YNH-1, ML-1,
KASUMI-3, KG-1, HL60, inv-3, SN-1, NB4 and HEL), acute monocytic
leukemia (THP-1, SCC-3, J-111, CTS, P31/FUJ, MOLM-13, IMS/MI
and KOCL-48) and acute megakaryoblastic leukemia (CMS and
CMY) were also analyzed for mutations. Peripheral blood gDNA
from 60 healthy adult volunteers was used as controls. Informed
consent was obtained from the patients and/or their parents and
from the healthy volunteers. We previously showed that for
U2AF35, SRSF2 and SF3B1, most of the mutations in adult cases
were observed in exons 2 and 7, exon 1, and exons 14 and 15,
respectively.'® Therefore, we confirmed mutation screening to
these ‘hot-spot’ exons. In contrast, all the coding exons were
examined for ZRSR2, because no mutational hot spots have been
detected. Briefly, the relevant exons were amplified using PCR and
mutations were examined by Sanger sequencing, as previously
described.’® The Fisher's exact test was used to evaluate the
statistical significance of frequencies of mutations for U2AF35,
SF3B1, ZRSR2 or SRSF2 in adult cases and pediatric cases. This
study was approved by the Ethics Committee of the University of
Tokyo (Approval number 948-7).
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Novel U2AF35and SRSF2 mutations detected in JMML cases. (a) Left panel: sequence chromatogram of a heterozygous mutation at

R156 in N-terminal zinc-finger motifs of U2AF35 detected in a JMML case (JMML 4) is shown. Mutated nucleotides are indicated by arrows.
Right panel: illustration of functional domains and mutations of U2AF35. Red arrow heads indicate hot-spot mutations at 534 and Q157

detected in the adult cases.’

Blue arrow head indicates the missense mutation at R156. (b) Left panel: sequence chromatogram of a 6-bp

in-frame deletion (c.518-523delAAGTCC) in SRSF2 detected in JMML 17 is shown. Mutated nucleotides are indicated by arrows. Right panel:
illustration of functional domains and mutations of SRSF2. Red arrow head indicates hot-spot mutation at P95 frequently detected in the adult
cases.'® Blue arrow head indicates a 6-bp in-frame deletion leading to deletion of $170 and K171.
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No mutations were identified in the 28 cases with pediatric
MDS, which included 13 cases with refractory anemia with excess
blasts, 5 with refractory cytopenia of childhood, 2 with Down
syndrome-related MDS, 2 with Fanconi anemia-related MDS,
2 with secondary MDS and 4 with unclassified MDS. Similarly,
no mutations were detected in 93 cases with de novo AML or in
17 with CML, as well as 19 leukemia-derived cell lines.
Our previous study in adult patients showed the frequency of
mutations in U2AF35, SF3B1, ZRSR2 or SRSF2 to be 60/155 cases with
MDS without increased ring sideroblasts and 8/151 de novo AML
patients, emphasizing the rarity of these mutations in pediatric MDS
(P<5.0 x 107 and AML (P<0.02) compared with adult cases. We
found mutations in two JMML cases, JMML 4 and JMML 17. JMML 4
carried a heterozygous U2AF35 mutation (R156M), whereas JMML 17
had a 6-bp in-frame deletion (c.518-523delAAGTCC) in SRSF2 that
resulted in deletion of amino acids $170 and K171 (Figure 1). Both
nucleotide changes found in U2AF35 and SRSF2 were neither
identified in the 60 healthy volunteers nor registered in the dbSNP
database (http://www.ncbi.nim.nih.gov/projects/SNP/) or in the 1000
genomes project, indicating that they represent novel spliceosome
mutations in pediatric cases.

U2AF35 is the small subunit of the U2 auxiliary factor (U2AF),
which binds an AG dinucleotide at the 3'SS, and has an essential
role in RNA splicing.!® With the exception of a single A26V
mutation found in a case of refractory cytopenia with multilinage
dysplasia, all the U2AF35 mutations reported in adult myeloid
malignancies involved one of the two hot spots within the two
zinc-finger domains, S34 and Q157, which are highly conserved
across species, suggesting the gain-of-function mutations.'® In
JMML 4, the R156M U2AF35 mutation affects a conserved amino
acid adjacent to Q157, suggesting it may also be a gain-of-
function mutation, leading to aberrant pre-mRNA splicing possibly
in a dominant fashion.

SRSF2, better known as SC35, is a member of the serine/
arginine-rich (SR) family of proteins.'® SRSF2 binds to a splicing-
enhancer element in pre-mRNA and has a crucial role not only in
constitutive and alternative pre-mRNA splicing but also in
transcription elongation and genomic stability.’ All mutations
thus far identified in adult cases exclusively involved P95 within
the intervening sequence between the N-terminal RNA-binding
domain and the C-terminal RS domain.'® This region interacts with
other SR proteins, again suggesting that the P95 mutation may
result in gain-of-function.'® This proline residue is thought to
determine the relative orientation of the two flanking domains of
SRSF2, and a substitution at this position could compromise
critical interactions with other splicing factors necessary for RNA
splicing to take place. In contrast, the newly identified 6-bp
in-frame deletion in JMLL 17 results in two conserved amino acids,
S170 and K171, within the RS domain. Although it may affect
protein—protein interactions, the functional significance of this
deletion remains elusive.

JMML is a unique form of pediatric MDS/MPN characterized by
activation of the RAS/mitogen-activated protein kinase signaling
pathway; in 90% of cases, there are germ line and/or somatic
mutations of NF1, NRAS, KRAS, PTPN11 and CBL® Although
JMML shares some clinical and molecular features with CMML,
its spectrum of gene mutations suggests that it is a neoplasm
distinct from CMML.'> This was also confirmed by the current
results that the splicing-pathway mutations are rare in JMML,
whereas they are extremely frequent (~60%) in CMML.'®
Although the two JMML cases carrying the splicing-pathway
mutations had no known RAS-pathway mutations, both the
pathway mutations frequently coexisted in CMML.®

To summarize, no mutations of SF3B1, U2AF35, ZRSR2 or
SRSF2 are found in pediatric MDS and AML. In our study, except
for ZRSR2, mutations were examined focusing on the reported
hot spots in adult studies, raising a possibility that we may
have missed some mutations occurring in other regions. However,
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these hot spots represent evolutionally conserved amino
acids and have functional relevance, it is unlikely that the
distribution of hot spots in children significantly differs from adult
cases and as such, we could safely conclude that mutations of
SF3B1, U2AF35, ZRSR2 and SRSF2 are rare in myeloid neoplasms in
children. Finally, mutations of U2AF35 and SRSF2 may have some
role in the pathogenesis of JMML, although further evaluations
are required.
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Sequencing histone-modifying enzymes identifies UTX mutations

in acute lymphoblastic leukemia

Leukemia (2012) 26, 1881-1883; doi:10.1038/leu.2012.56

Mutations affecting epigenetic regulators have long been known
to have a crucial role in cancer and, in particular, hematological
malignancies.'? One of the earliest epigenetic factors described
altered in leukemia was the mixed lineage leukemia (MLL) protein
which is found translocated in 10% of adult acute myeloid
leukemia (AML), 30% of secondary AML and > 75% of infants with
both AML and acute lymphocytic leukemia (ALL). MLL is a SET
domain-containing protein, which is recruited to many promoters
and mediates histone 3 lysine 4 (H3K4) methyltransferase activity,
thought to promote gene expression.”

In addition to MLL fusions, recently, somatic mutations of UTX
(also known as KDM6A), encoding an H3K27 demethylase, were
described in multiple hematological malignancies, including
multiple myeloma and many types of leukemia cell lines.*”
H3K27 methylation is generally thought to cause gene repression.
Complimentary to UTX, mutations of EZH2, a H3K27 methyltrans-
ferase, have been reported in both lymphoid and myeloid tumors
(Figure 1).%” These mutations lead to altered EZH2 activity and
influence H3K27 in tumor cells. Mutations in EZH2, EED and
SUZ12, which all cooperate in Polycomb repressive complex 2
have been recently described in early T-cell precursor ALLZ
Similarly, point mutations affecting the functional jumonji C (jmjC)
domain of UTX inactivates its H3K27 demethylase activity. In
addition, UTX associates with MLL2 in a multiprotein complex,
which promotes H3K4 methylation, and recently MLL2 has also
been found mutated in cancer, further pointing to a common and
complex epigenetic deregulation in cancer® In line with
the growing evidence for epigenetic regulators as important in
tumorigenesis, additional mutations affecting epigenetic regula-
tors such as SETD2, a H3K36 methyltransferase, KDM3B, a H3K9
demethylase, and KDM5C, a H3K4 demethylase, have been
reported and are associated with distinct gene expression patterns
(Figure 1).*

Though the clinical significance of these findings remains to be
explored, it is evident that epigenetic deregulation is having an
important role in both lymphoid and myeloid leukemo-
genesis. Furthermore, with novel drugs at hand, such as histone
deacetylase inhibitors or demethylating agents that can target
and reverse epigenetic alterations, understanding the under-
lying molecular aberrations is of growing interest.'® We therefore
undertook an effort to examine the prevalence of somatic
mutations in genes encoding histone-modifying proteins, in
particular, KDM3B, KDM5C, UTX, MLL2, EZH2 and SETD2, which
previously were reported mutated in cancer.*®

For an initial screen, we analyzed banked diagnostic primary
leukemia samples from 44 childhood B-cell ALL and 50 adult

Accepted article preview online 1 March 2012; advance online publication, 3 April 2012

© 2012 Macmillan Publishers Limited

AML patients, and, where available, used bone marrow samples
obtained in complete remission to validate the somatic nature of
the mutations. Samples had been collected with patient/parental
informed consent from patients enrolled on Dana—Farber Cancer
Institute protocols for childhood ALL (DFCI 00-001 (NCT00165178),
DFCI 05-001 (NCT00400946)) or AML treatment protocols of the
German-Austrian AML Study Group (AMLSG) for younger adults
(AMLSG-HD98A (NCT00146120), AMLSG 07-04 (NCT00151242)),
and the study was approved by the IRB of the participating
centers.

Using conventional Sanger sequencing of primary leukemia
sample-derived genomic DNA, we first screened all coding exons
in which mutations have been reported previously.** Initially, we
analyzed a total of 36 of 174 exons (KDM3B (2/24), KDM5C (9/26),
UTX (7/29), MLL2 (8/54), EZH2 (1/20) and SETD2 (9/21)) and found
7 non-synonymous tumor-specific aberrations. In AML, we found
one EZH2 mutation (p.G648E) in a t(8;21)-positive, and two MLL2
missense mutations (p.R5153Q and p.Y5216S; Table 1) and one

AML , CML and T-ALL cell lines
AML, ALL and MB MM, RCC, and misc. solid tumors
MLL2 {and MLL)¢ervennees UTX (KDM6A)

“Ka7

T T f RCC
KDMSC EZH2 o, ‘
recKPM3B. pigcL i men_— K7

© methylation associated with transcriptional activation
© methylation associated with transcriptional repression
~» methyltransferase activity
-~ associated with methyation complex
| demethylase activity
Figure 1. Histone 3 methylation and selected histone demethylases
and methyltransferases. Cancers are shown in italics next to the
mutated protein they are associated with. MM, multiple myeloma;
FL, follicular lymphoma; DLBCL, diffuse large B-cell lymphoma; RCC,

renal cell carcinoma; CCC clear cell carcinoma; MPN, myeloproli-
ferative neoplasm; MB, medulloblastoma.
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Favorable outcome of patients who have 13q deletion: a suggestion for revision

of the WHO 'MDS-U' designation
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To characterize bone marrow failure with del(13q), we
reviewed clinical records of 22 bone marrow failure patients
possessing del(13q) alone or del(13q) plus other abnormali-
ties. All del(13q) patients were diagnosed with myelodys-
plastic syndrome-unclassified due to the absence of apparent
dysplasia. Elevated glycosylphosphatidylinositol-anchored
protein-deficient blood cell percentages were detected in all
16 with del(13q) alone and 3 of 6 (50%) patients with
del(18q) plus other abnormalities. All 14 patients with
del(13q) alone and 2 of 5 (40%) patients with del(13q) plus
other abnormalities responded to immunosuppressive thera-
py with 10-year overall survival rates of 83% and 67%,
respectively. Only 2 patients who had abnormalities in addi-
tion to the del(13q) abnormality developed acute myeloid
leukemia. Given that myelodysplastic syndrome-unclassi-
fied with del(13q) is a benign bone marrow failure subset
characterized by good response to immunosuppressive ther-

apy and a high prevalence of increased glycosylphos-
phatidylinositol-anchored protein-deficient cells, del(13q)
should not be considered an intermediate-risk chromosomal
abnormality.

Key words: glycosylphosphatidylinositol-anchored protein-
deficient, cells, bone marrow failure, 13q deletion,
immunosuppressive therapy.
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Introduction

Numerical karyotypic abnormalities such as -7/del(7q) and
del(13q) are occasionally seen in patients with bone marrow
(BM) failure who do not exhibit typical signs of myelodyspla-
sia. The 2008 World Health Organization (WHO) criteria
defined this subset of BM failure as myelodysplastic syn-
drome-unclassified (MDS-U) because patient progression to
leukemia was still possible. However, no large patient study
has been conducted to explore an association between del(13q)
and pre-leukemia.' Several anecdotal reports have shown that
BM failure patients with del(13q) responded to immunosup-
pressive therapy (IST) and had a favorable prognosis.*®
However, the incidence of BM failure with del(13q) and its
relationship with immune pathophysiology of BM failure
remain unclear.

Several studies have identified the presence of small popula-
tions of glycosylphosphatidylinositol-anchored protein-defi-
cient (GPI-AP") blood cells as a significant factor predicting a
good response to IST in patients with aplastic anemia (AA) and
low-risk myelodysplastic syndromes (MDS).** Immune mech-

anisms are, therefore, thought to be involved in the increase in
the GPI-AP- cells in this type of BM failure, though the exact
mechanisms responsible for the increase in the GPI-APcells
remain unknown. Given that BM failure with del(13q) is likely
to respond to IST, this type of BM failure may be associated
with the presence of small populations of GPI-AP- cells. It is
essential to precisely characterize BM failure with del(13q)
because the present WHO definition of an intermediate-risk
abnormality may lead to inappropriate treatment of potentially
benign BM failure with hypomethylating agents or allogeneic
stem cell transplants from unrelated donors. To address this
issue, the present study analyzed clinical and genetic features
of 22 BM failure patients possessing del(13q) by comparing
them to BM failure patients with a normal karyotype.

Design and Methods

Study subjects

Clinical records were analyzed for 1,228 BM failure patients: 733
with aplastic anemia (AA), 495 with low-risk MDS, including 286
with refractory cytopenia with unilineage dysplasia (RCUD), 149 with

The online version of this article has a Supplementary Appendix.
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refractory cytopenia with multilineage dysplasia (RCMD) and 60
with MDS-U, whose blood samples were sent to our laboratory
between May 1999 and July 2010 for screening of GPI-AP" granu-
locytes and erythrocytes. BM smear slides were reviewed by 2
independent hematologists. BM cellularity was defined as the per-
centage of BM volume occupied by hematopoietic cells in the
trephine biopsy specimens. Hypocellular marrow was defined as
less than 80% cellularity in patients under the age of 70 years, or
less than 20% cellularity in patients 70 years and over®
Chromosomal analysis was performed and described according to
the International System for Human Cytogenetic Nomenclature
(ISCN).” Responses to IST were defined according to the estab-
lished criteria.® The ethics committee of Kanazawa University
Graduate School of Medical Science approved the study protocol,
and all patients provided their informed consent prior to sampling.

Monocional antibodies
Monoclonal antibodies (mAbs) used for flow cytometry are
shown on the Online Supplementary Table $1.

Flow cytometry for detecting GPLAP- cells

All blood samples were analyzed within 24 h of collection to
avoid false positive results due to cell damage. Staining with each
mAb was performed according to the lyse-stain protocol as previ-
ously described.”” The presence of CD55 CD59 glycophorin A’
erythrocytes at the level of 0.005% and over and/or
CD55 CD59 CD11b* granulocytes at the level of 0.003% or over
was defined as an abnormal increase ('positive') based on the results
obtained from 183 healthy individuals.”® With careful handling of
samples and elaborate gating strategies, cut-off values can be low-
ered to these levels without producing false positive results.”*

Cell sorting and FISH analysis

GPI-AP* and GPI-AP- granulocytes from 2 patients with del(13q)
(unigue patient numbers (UPNs) 3 and 7) were sorted using a
FACSAria III cell sorter (BD Bioscience, Franklin Lakes, NJ, USA)
and subjected to fluorescence i situ hybridization (FISH) analysis
using a D13S319-specific probe (Vysis, Voisins-le-Bretonneux,
France) as previously described.”

Genome analysis of deleted region in patients
with del(13g)

Genomic DNA was isolated from peripheral blood cells of 7
patients with del(13q) (UPNs 1, 3, 4, 5, 7, 8 and 22) and subjected
to SNP array-based genome-wide analysis of genetic alterations
using GeneChip® 250K arrays (Affymetrix, Santa Clara, California,
USA) according to the manufacturer’s protocol. Genomic and
allele-specific copy numbers were calculated using Copy Analyser
for GeneChip® (CNAG) software as previously described.'**

Statistical analysis

Prevalence of increased GPI-AP- cells among different patient
populations was compared using the %’ test. Time-to-event vari-
ables were analyzed using the Kaplan-Meier method, and groups
were compared with the log rank test. Two-sided P values were
calculated and P<0.05 was considered statistically significant. All
statistical analyses were performed using the JMP software pro-
gram version 8.0 (SAS Institute, Cary, NC, USA).

Results and Discussion
Of the 1,228 patients with BM failure, 22 possessed

del(13q) (1.8%) that were demonstrated by G-banding;
their clinical features are summarized in Table 1. Sixteen

patients had only the del(13q) abnormality (which we
define as 13g-""*) while the remaining 6 patients had other
abnormalities, which we define as 13gq™*. Of these 6, 2
had -Y, one had -20, one had del(7q), one had +8, and one
had +mar in addition to the del(13q) abnormality. The
presence of the del(13q) clone was confirmed by FISH
when the number of del(13q) revealed by the G-banding
method was less than or equal to two. Median age was
64.5 years old, and BM was hypocellular in 16 patients (12
with 18g°*™* and 4 with 13q***"), normocellular in 4 (2 with
18q** and 2 with 13q**™), not evaluable in 2 with 13q™.
All patients with del(13q) were diagnosed with MDS-U
due to the absence of significant dysplasia that would full-
fill the criteria for MDS as defined by the 2008 WHO clas-
sification. All patients were classified as Int-1 according to
the International Prognostic Scoring System (IPSS), except
for UPN17 who had an IPSS score of 1.5 (Int-2).

As shown in Table 1, GPI-AP- cells that accounted for
from 0.006% to 12.342% (median 0.187%) of granulo-
cytes were detected in all 16 13q™™ patients. FISH analysis
of sorted GPI-AP- and GPI-AP* granulocytes revealed that
del(13q) cells were derived from non-PIGA mutant
hematopoietic stem cells (HSCs) (Figure 1A). On the other
hand, the prevalence of elevated GPI-AP- cell percentages
in 13q** patients and those with a normal karyotype
(637 patients with AA and 300 with MDS) was 50% (3 of
6) and 43% (405 of 937), respectively (P<0.001).

Fourteen 13q"*™ patients were treated with cyclosporine
(CsA) alone,® CsA and antithymocyte globulin (ATG)® or
CsA and anabolic steroids;” all achieved either a hemato-
logic improvement in two or three lineages or complete
remission (CR), while the response rate to IST in 13q*
patients was 40%. No case was IST-dependent, and
response was durable after the cessation of the treatment
after patients achieved CR. The clinical course of one
patient (UPN 4) who responded to CsA alone and entered
CR, despite the fact that G-banding of BM cells showed all
20 dividing cells to be del(13q), has been previously
reported.” Ninety-six AA patients with the normal kary-
otype were treated with CsA and ATG (n=47) or
CsAzanabolic steroids (n=49). Seventy-eight percent of
AA patients responded to IST. Among 19 MDS patients
(RCUD, n=14; RCMD, n=5) with a normal karyotype
who have been treated with ATG plus CsA (n=3) or CsA
with or without anabolic steroids (n=16), 63% responded
to IST.

None of the 17 18q™™ patients progressed to advanced
MDS or acute myeloid leukemia (AML) during the follow-
up period of 3-108 months (median 52 months), while 2 of
6 13q** patients (one with -20, one with del(7q)) devel-
oped AML. The 10-year overall survival rates of patients
with 13q™™, patients with 13q**", AA patients with a
normal karyotype and MDS (RCUD, n=38; RCMD, n=20;
MDS-U, n=8) patients with a normal karyotype were
83%, 67%, 85% and 57%, respectively (P=0.0003, log
rank test on 3 degrees of freedom) (Figure 1B). The 10-
year overall survival rates of AA patients with a normal
karyotype with and without increased GPI-AP- cells and
MDS (88 with RCUD, 20 with RCMD and 8 with MDS-
U) patients with a normal karyotype with and without
increased GPI-AP- cells were 85%, 84%, 66% and 55%,
respectively (P=0.0011, log rank test on 4 degrees of free-
dom) (Figure 1C). The percentage of del(13q) clones

revealed by G-banding increased in 5§ patients and
decreased in 3 after successful IST. (Online Supplementary




Figure S1) No patient developed clinical features of parox-
ysmal nocturnal hemoglobinuria (PNH).

SNP array analysis of peripheral blood cells from 7 13q
and 13q™" patients indicated the region from 13q13.3 to
13q14.8 to be commonly deleted (Figure 1D).

The current retrospective study with a large number of
BM failure patients revealed distinctive clinical features of
BM failure with del(13q) abnormalities. The 1.8% incidence
of del(13q) patients was comparable to that of a recent
study (1.9%) based on 2,072 patients with MDS,” for
which detailed diagnoses of patients with del(13q) were not
provided. All del(13q) patients in our study were classified

-alone

MDS-U with 13q deletion

as MDS-U due to the absence of significant dysplasia. We
have previously reported that response to IST was remark-
ably high in 9 patients with del(13q). The present study;,
which used a different patient cohort, confirmed our previ-
ous finding.’ Between these 22 patients and the 9 patients
that we reported in 2002, only 2 developed AML and 22
responded to IST. The overall and leukemia-free survival
spans of del(13q) patients treated with IST were as long as
AA vpatients with normal karyotypes treated with IST.
These findings suggest that the del(13q) clone in BM failure
patients represents the presence of immune pathophysiolo-
gy rather than clonal disorder associated with AML risk.

Table 1. Clinical features of bone marrow failure patients with del(13q) alone (patients 1-16) or del(13q) plus other abnormalities (patients 17-22).
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0.008 No ATG+CsA  CR alive No

12342 0524  PSL CsA HI-3 alive No
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0008 No
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UPN: unique patient number; M: male; F: female; normo: normocellular marrow; hypo: hypocellular marrow; GPLAP-granulocytes, glycosylphosphatidyl-inositol anchored protein-deficient granulocytes;
GPLAP-erythrocytes, glycosylphosphatidyl-inositol anchored protein-deficient erythrocytes; CsA: cyclosporine; ATG: antithymocyte globulin; AS: anabolicsteroid; Allo-BMT: allogeneic bone marrow trans-
plant; VitK: vitamin K; CR: complete remission; H-2: hematologic improvement in two lineages; H-3: hematologic improvement in three lineages; NR: no response; NE: not evaluable; AML: acute myeloid
leukernia; LFS: leukemnia-free survival.
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Transformation of patient 17 (UPN17) to AML could be
attributed to the coexistence of del(7q), which is associated
with high risk of AML evolution.”

The percentage change of del(13q) clone following IST
varied from one patient to another (Online Supplementary
Figure S1) in a similar way in which the percentage of GPI-
AP~ cells changed in the present study (data not shown),

A UPN 3
del(13q) FISH (Peripheral blood) 32.2%

CD11b

which is consistent with our previous findings regarding
PIGA mutant HSCs." Given that effective removal of
immune mechanisms by IST does not consistently lower
the percentage of del(13q) clone, it is speculated that prefer-
ential expansion of del(13q) clones by the immune mecha-
nisms at the onset of BM failure” may lead to the escape
from immunological pressure, as in the case of PIGA
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Figure 1. (A) Glycosylphosphatidylinositol-anchored pro-
tein (GPI-AP) expression in granulocytes with del(13q).
GPI-AP- and GPI-AP* granulocytes were separated from
peripheral blood cells of 2 patients with del(13q), one
(Unique Patient Number (UPN) 3) comprised of 2.1%
GPI-AP/ 32.2% del(13q) granulocytes and one (UPN 7)
comprised of 12.3% GPI-AP/ 4.0% del(13q) granulo-
cytes. Both GPI-AP- and GPI-AP* fractions were subject-
ed to FISH analysis using a 13q probe (13q14.3);
del(13q) clones were detected only in the GPI-AP* frac-
tion of each patient (red), suggesting that del(13q) cells
are derived from non-PIGA mutant hematopoietic stem
cells. (B) Ten-year overall survival rates of patients with
del(13q), patients with del(13q) plus other abnormali-
ties, aplastic anemia (AA) patients with a normal kary-
otype and myelodysplastic syndrome (MDS) patients
with a normal karyotype. All 66 MDS patients with a
normal karyotype had Int-1-risk IPSS scores. (C) Ten-

year overall survival rates of patients with del(13q), aplastic anemia (AA) patients with a normal karyotype with and without increased GPI-
AP cells and myelodysplastic syndrome (MDS) patients with a normal karyotype with and without increased GPI-AP- cells. (D) Deleted gene
loci regions of 7 patients with del(13q), shown as bold horizontal lines for each UPN under the gene. The shaded box represents the deleted
region common to patients, 13q13.3 to 13q14.3, which encodes proteins involved in cytokine signal transduction.




mutant HSCs. It is necessary to identify common mecha-
nisms leading to preferential activation of both PIGA
mutant HSCs and HSCs with del(13q) in immune-mediated
BM failure to verify these hypotheses.

A possible immune pathophysiology in 13q*™ patients
is supported by the markedly high prevalence (100%) of
elevated GPI-AP- cell levels which is linked to the escape
of PIGA mutant HSCs from an immune system attack."”
Because the del(13q) abnormality occurs in the GPI-AP*
population, it may play a similar role to the GPI-AP cells.
SNP array analysis revealed the common deletion of a 15
Mb (13.3 to 14.3) region of 13q in 7 13q™™ and 13g™"
patients. This segment encodes several proteins that reg-
ulate cell proliferation and the cell cycle, such as SMAD9
and RB1; both are involved in the signal transduction
pathway of transforming growth factor-beta (TGF-, an
important cytokine in regulating HSC dormancy.
Cytokine-mediated selection of PIGA mutant HSCs has
been proposed as a mechanism for preferential prolifera-
tion of GPI-AP- cells,” but no supporting evidence has
been presented. A previous study demonstrated that GPI-
AP~ T cells show decreased sensitivity to herpes virus
entry mediator (HVEM) ligands that transmit inhibitory
signals through receptors for CD160(21) and TGF-.%*
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