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Table 2. Expression of genes comprising the macrophage signature

Symbol Officlal full name c-Maf+”* signal c-Marf~~ signal Fold
VCAM-L Vascularcelladheslon molecule d oo o el 83 R
Mrct Mannose receptor Ctype 1 19.8 57 0.29
Sell Selecnn tymphocyte 26.7 10 0.37
Lamp2 . . Lysosomak-associated membrane protein2 1o 89 - BRI R 0.37
ltgav Integrina V 1.2 0.5 0.41
Maea(EMP) Macrophage erythroblast attacher - 0 b fri el e o262 . 145 . . .055
Emr1 (F4/80) EGF like module contalmng. muc:n—hke, hormone receptor—llke sequence 1 71.4 48.1 0.67
Itgam (Mag-1) te I 58 067
Cd163 cD163 antigen 0.6 0.67
Cdtd oo GRAERlIgEN T L e e ome o %4080
Fegrt Fc receptor, 1gG, hlgh affmltyl 15.7 17.6 1.12

Fetal liver macrophages were purified by flow cytometry from c-Maf*/* or c-Maf*- fetal livers. The fold change in the gene expression was determined by dividing the
signal obtained with c-Maf~/~ fetal liver macrophage RNA by the signal obtained with c-Maf*/* RNA.

freshly isolated erythroblasts from c-Maf*/* or c-Maf~~ fetal erythroblasts were cocultured on c-Maf™~ central macrophages
livers were cocultured on the remaining adherent c-Maf** or and vice versa. Surprisingly, c-Maf~/~ macrophages failed to
c-Maf~'~ fetal liver macrophages, respectively, so that c-Maf™*  support erythroblastic islands with the inoculated wild-type
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Figure 5. Decreased expression of VCAM-1 in c-
Maf-/- fetal liver macrophage. mRNA expression pro-
files of erythroblast-macrophage adhesive interaction
genes at E13.5 (A) and at £14.5 (B). Total RNA obtained
from the Mac-1* fraction (gray bar) and Mac-1- fraction
(open bar) of fetal liver cells was used for analyses.
VCAM-1 expression was decreased in ¢c-Maf~/~ macro-
g e 0 4 - 0 phages at E13.5 and E14.5; n = 7 per group; *P < .05.

o-Mat ' cMat ™ c-Maf ™ c-paf o-Mat ' e-Maf ™ c-Maf ™ o-MaF™ The expression level of c-Maf*/* fetal liver Mac-1 fraction
was set to 1.0. All of the data are presented as
C mean * SEM (C) Relative mean fluorescent intensity
VCAM-1 expresson Integrin aV expresson (MF1) values of VCAM-1 and Integrin aV for the c-Maf*/*

1.8 1 2.0 1 k) fetal liver Mac-1 fraction (normalized to MF! = 1) and the

x c-Maf-/- fetal liver Mac-1 fraction. E13.5 fetal liver cells

1.5 were stained with FITC-conjugated anti-Mac-1 mAb,
1.0 4 APC-conjugated anti-VCAM-1 mAb, and PE-conjugated
0.5 1
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Relative gene expression

anti-integrin oV mAb. Bar graphs represent mean ra-
tio =+ SEM. Consistent with real-time RT-PCR analysis,
significant differences in VCAM-1 and Integrin oV protein
0.5 expression were observed; n = 8 per group; *P < .05.
(D) Schematic diagram of a luciferase reporter construct
0 A 0 A with the use of a VCAM-1 0.7-kb promoter (VCAM-1 Luc,
coMaf 4+ c«Maf”/' C«Maf*h c\»Maf'/' top) ligated to a firefly luciferase cassette. Three putative
half-MARE sites (5' —318 bp, —221 bp, and ~136 bp)
are indicated. A luciferase assay was performed with a
promoter reporter VCAM-1 Luc and that with mutations in half-MARE
(VCAM-1 mut Luc, bottom) as reporters. (E) The

p 22%b -
Half MARE  -3180 1o 136 ——" PEFX3-FLAG-cMaf expression vector (c-Maf Vector) was

VCAM-1 Luc i " cotransfected with the reporter plasmid into the macro-

_‘—O-‘O—O' Luciferase f o phage cell line J774. The relative luciferase activity
' shown is derived from averages of 2 independent experi-
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Figure 6. c-Maf-'- fetal liver cells can reconstitute
adult hematopoiesis in lethally irradiated mice.
(A) Eight to 10 weeks after transplantation, the donor
leukocyte chimerism of the mice reconstituted with c-

A
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Maf-/- fetal liver cells was comparable to that of the mice %‘ — 100 ﬁ 60 4
reconstituted with c-Maft/+ fetal liver cells. The reconsti- .g gi &
tution efficiency was checked by flow cytometry with the B K 2 é
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Donor chimerism was determined to be as follows: fold '§ 5
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planted into mice and c-Maf " fetal liver cells trans- g’ 2. % g :
planted into mice. (C) Flow cytometric analyses of the 2] & 2
TER-119 and CD71 expression in total BM cells prepared & 80 d a G- ] )
from the femur of mice that received a transplant with B220 CD4 CD8 Mac-1/Gr1
c-Maf** fetal liver cells (left) or c-Maf~/~ fetal liver cells
(right). The gates of CD71*/TER-119~ (top left region: C Bone Marrow D E
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erythroblasts (12.7 = 0.5 erythroblasts per c-Maf*/* macrophage
and 4.8 = 0.2 erythroblasts per c-Maf~/~ macrophage; Figure 4B).
In contrast, c-Maf~/~ erythroblasts were still capable of attaching
to c-Maf™/* macrophages to the same extent as wild-type
erythroblasts (13.9 = 0.5 erythroblasts per c-Maf*/* macrophage
and 5.1 = 0.4 erythroblasts per c-Maf~/~ macrophage; Figure 4C).
These results show that the erythropoietic defects in c-Maf~/~
embryos could be induced by an impaired hematopoietic microen-
vironment. Most probably, the suppressed functions of c-Maf-
deficient central macrophages were responsible for the damaged
erythroblastic islands.

identification of target genes of c-Maf in fetal liver
macrophages

To identify the molecular targets by which c-Maf regulates
formation of erythroblastic islands in macrophages, we monitored
the expression of cell adhesion molecules by microarray analysis.
The expression of several important adhesion molecules was
decreased in c-Maf~'~ macrophages (Table 2). Expression of
VCAM-1 was suppressed the furthest in these molecules. To
confirm the results from microarray analysis, we performed
quantitative RT-PCR analyses, examining expression levels of
VCAM-1, Integrin aV, and EMP. These are essential for erythroblas-
tic island formation and maintenance and are thus designated as
erythroblast-macrophage adhesive molecules.> The Mac-1* cells
from either E13.5 or E14.5 fetal liver were sorted and analyzed

to determine the mRNA abundance of these genes by real-time
RT-PCR analysis. Of note, we observed an ~ 2.5-fold reduction in
the VCAM-1 mRNA expression level in the Mac-1* fraction
from c-Maf~'~ fetal liver, compared with the c-Maf*/* control at
E13.5 and E14.5 (Figure SA-B). However, EMP mRNA expression
was not reduced in c-Maf~/~ compared with c-Maf*/* (Figure
5A-B). In addition, expression of Integrin oV at E13.5 in c-Maf '~
was significantly up-regulated. Consistent with this observation,
flow cytometric analysis of the fetal liver cells at E13.5 also
verified a significant reduction of VCAM-1 protein expression in
the c-Maf~/~ fetal liver Mac-1"* cells compared with the c-Maf*/+
fetal liver Mac-1* cells, and protein expression of Integrin oV in
the c-Maf~/~ fetal liver Mac-1" cells was higher than that in
¢-Maf*'+ (Figure 5C).

Given the significant suppression of VCAM-1 expression in
c-Maf~~ fetal liver macrophages, we next addressed whether
c-Maf could activate the VCAM-I gene promoter. To this end, a
luciferase reporter assay in the J774 macrophage cell line was
performed with a plasmid containing the 0.7-kb VCAM-1 promoter
region (VCAM-1 Luc) as a reporter (Figure 5D). The luciferase
activity was significantly increased when the reporter plasmid was
cotransfected with an expression plasmid for c-Maf. In contrast,
when putative half-MARE sequences were mutated (VCAM-1 mut
Luc), activation of the reporter was blunted (Figure 5E). These
results indicate that c-Maf regulates the expression of VCAM-1 by
binding the putative half-MARE sites in its promoter region.
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Table 3. Blood cell counts 6-12 weeks after fetal liver cell
transplantation in mice

Genotype of transplanted FLC

WBC count, L

RBC count, X10%uL
. o/d P

c-Maf+/+ e-Maf-/-

PLT count 100

Values shown are the mean = SEM for 20 mice per genotype. Mice with = 80% donor
leukocyte chimerism were used for analysis. P values were all NS.

FLC indicates fetal liver cell; WBC, white biood cell; RBC, red blood cell; Hb,
hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corpus-
cular hemoglobin; and PLT, platelet.

c-Maf—deficient fetal liver cells are capable of reconstituting the
hematopoietic system of adult mice

To determine whether c-Maf~/~ embryos still retain functional
hematopoietic stem cells, we tested the ability of c-Maf—deficient
fetal liver cells to reconstitute the hematopoietic system of lethally
irradiated recipient mice. Fetal liver cells collected from E14.5
c-Maf*’* or c-Maf~'~ embryos were injected into lethally irradi-
ated recipient mice. All recipients receiving both c-Maf** and
c-Maf~~ fetal liver cells survived and remained healthy for
= 6 months after transplantation. The donor-derived leukocyte
chimerism in the mice reconstituted with c-Maf~/~ fetal liver cells
was comparable with that of the recipient mice with control fetal
liver cells (Figure 6A). Moreover, there were no significant
differences in hematocrit or proportion (%) of B220%, CD4*,
CD8*, or Mac-1*/Grl™* cells between the recipients receiving
c-Maf*’* or c-Maf "~ fetal liver cells (Table 3; Figure 6B).

Next, we attempted to examine whether erythroblast differentia-
tion in the BM and spleen was perturbed. The absolute number of
BM cells (19.9 = 1.69 and 18.3 = 1.56 X 10% cells/femur for
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c-Maf** and c-Maf~~ fetal liver cells transplanted into mice,
respectively) as well as the spleen weight (68.4 + 3.28 and
738 =544 mg for c-Maft’* and c-Maf~/~ fetal liver cells
transplanted into mice, respectively) were comparable between
mice that received a transplant with c-Maf** and c-Maf~/~ fetal
liver cells. Each stage of the erythroblasts was prospectively
separated by a flow cytometric protocol that used TER-119 and
CD71 Abs. The frequencies and cell numbers of each region in the
recipient BM receiving c-Maf '~ fetal liver cells were comparable
to those in the recipient with c-Maf*’* fetal liver cells (Figure
6C-E). Similar results were also observed with spleen cells (Figure
6F-H). Applying another method that TER-119 and CD44 Abs,*
we assessed erythropoiesis in the BM of the mice that received a
transplant. The differentiation status was found to be comparable
between the recipients with c-Maf** and c-Maf~/~ fetal liver cells
(supplemental Figure SA-C). Overall, these results indicate that
¢-Maf~/~ hematopoietic cells are able to reconstitute the hematopoi-
etic system in lethally irradiated mice and that they have the ability
to produce adequate amounts of erythroid cells.

c-Maf deficiency does not impair erythropoiesis during
PHZ-induced anemia

To assess the role of c-Maf in adult hematopoiesis further, we
analyzed BM macrophages in a similar manner as that used to
analyze fetal liver cells. The donor-derived BM leukocyte and BM
macrophage chimerisms in the mice reconstituted with c-Maf~/~
fetal liver cells were comparable with those of the recipient mice
with control fetal liver cells (supplemental Figure 6). To determine
whether VCAM-1 mRNA levels were decreased, Mac-1* cells from
the BM of mice that received a transplant were sorted and analyzed
for mRNA abundance of Mac-1, c-Maf, VCAM-1, and Integrin oV
by real-time RT-PCR analysis. These experiments showed no
differences in expression levels in mice that received a transplant
with c-Maf** and c-Maf~/~ fetal liver cells except for c-Maf
(Figure 7A), in contrast to the results obtained with the use of fetal
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0 - “ . plant with c-Maf~/- fetal liver cells to induce anemia.
c-Maf ** c-taf c-Maf ¥t c-Mar ™" c-Mat ** c-par ™ o-MaF * coptar (A) Comparisons of mRNA expression of Mac-1, ¢c-Maf,
B 80 - VCAM-1, and Integrin o V are shown, Total RNA obtained
from the Mac-1* positive fraction (gray bar) and the
Mac-1- fraction (open bar) of BM cells was used for
~ 50 E analyses. Note that VCAM-1 mRNA expression of the
é Mac-1+ fraction in mice that received a transplant with
E 40 c-Maf/- fetal liver cells is comparable with that of control
b+ o . mice that received a transplant with c-Maf'/* fetal liver
% —&— e-Maf ™7 FLC transplanted mice cells; n =5 per group; FLC indicates fetal liver cell;
30 1 R e BURPRFPIPLT ; Expression of the c-Maf*/* BM Mac-1 fraction was set
5 £+ c-Maf " FLC transplanted mice to 1.0. All of the data are presented as mean + SEM.
I 20 - (B) Mice with a baseline hematocrit of = 35% were used.
Four mice that received a transplant with ¢-Maf*/* fetal
liver cells {open circle with solid line) and 4 mice that
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received a transplant with c-Maf-/~ fetal liver celis (open
square with dashed line) were injected with phenylhydra-
zine on days 0, 1, and 3. Hematocrit levels were as-
sessedon days 0, 3, 6, 8, and 10. Data are mean + SEM.
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liver cells. To reconfirm these results with a functional assay, mice
were challenged with PHZ, and their hematocrits were monitored
for the next 10 days (Figure 7B). The hematocrits of mice from
both groups were comparable during this period. These results
indicate that c-Maf deficiency does not impair stress erythropoiesis
during PHZ-induced anemia in adult mice.

Discussion

Macrophages are important for hematopoiesis because they engulf
nuclei of erythroblasts in erythroblastic islands, where the macro-
phages are surrounded by erythroblasts in the fetal liver, BM, and
spleen.? In the present study, we demonstrated that c-Maf is crucial
for the function of macrophages in erythropoiesis.

Our study clearly shows that disruption of c-Maf causes
impaired erythroblastic island formation because of dysfunction of
fetal liver macrophages. In a methylcellulose culture system,
¢-Maf-~ hematopoietic stem/progenitor cells in fetal liver have a
normal potential to differentiate into different lineages, and they
can reconstitute the hematopoietic system of lethally irradiated
mice. Because c-Maf is specifically expressed in macrophages
within the fetal liver, it has been thought that c-Maf does not
regulate fetal liver erythropoiesis through a function of erythro-
blasts, but rather that it performs an adhesive function of macro-
phages. There are several reports of genes that are related to the
formation and maintenance of erythroblastic islands, based on the
knockout mice technique. Retinoblastoma-deficient mice were
analyzed for macrophage differentiation, and erythroblastic island
formation was reported to be impaired in these mice.3! The fetal
livers of Dnase2a™~ mice contain many macrophages that carry
undigested DNA, and IFN-8 mRNA was expressed by the resident
macrophages in the Dnase2a™/~ fetal liver.33® In c-Maf~/~ fetal
livers, retinoblastoma was comparably expressed in ¢-Maf*/* and
c-Maf~'~ macrophages; therefore, the existence of impaired eryth-
roblastic islands in c-Maf~/~ mice is not related to retinoblastoma
(supplemental Figure 7). In addition, we could not detect the
abnormal foci that are found in Dnase2a™~ fetal livers or the
expression of IFN-B mRNA (data not shown). Thus, retinoblas-
toma or DNase II do not cause the impaired erythroblastic islands
of c-Maf~/~ embryos.

To identify the target genes of c-Maf in fetal liver macrophages,
we performed microarray analysis and found that VCAM-1 was
one of these target genes. VCAM-1 is an adhesion molecule
expressed on macrophages of erythroblastic islands. Previous
studies have shown that maintenance of erythroblastic islands was
impaired by an anti-VCAM-1 Ab.3% As shown in Figure 5, mRNA
and cell surface protein expression of VCAM-1 was decreased in
c-Maf~/~ fetal liver macrophages. This suggests that decreased
expression of VCAM-1 may be at least in part responsible for
impaired erythroblastic island maintenance in c-Maf~/~ fetal liver.
The large Maf proteins are known to bind MARESs or the 5’ AT-rich
half-MARE. In the VCAM-I promoter region, there are 3 half-
MARE sites, so c-Maf may directly regulate VCAM-1 expression in
fetal liver macrophages. Recently, Kohyama et al*® revealed that
Spi-C controls the development of red pulp macrophages required
for red blood cell recycling, and it regulates VCAM-1 expression in
red pulp macrophages. These earlier results and ours suggest that
the regulation of VCAM-1 expression by transcription factors
strongly affects the function of tissue macrophages. In macro-
phages, c-Maf regulates the expression of cell surface molecules
that are involved in macrophage function. In this analysis, expres-
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sion of Integrin oV in c¢-Maf™/~ macrophages was transiently
up-regulated. It is difficult to identify the mechanism, but it seems
probable there may be a compensation mechanism causing down-
regulation of VCAM-1 in fetal macrophages.

We found that c-Maf is crucial for erythroblastic island
maintenance in the embryonic stage. In a reconstitution assay that
used fetal liver cells, c-Maf™~ hematopoietic cells reconstituted
hematopoiesis in lethally irradiated mice, and the mice that
received a transplant with c-Maf™/~ fetal liver cells did not show
anemia in the steady state (Table 3). To test the function of c-Maf in
the adult stage further, we analyzed the mice that received a
transplant by BM cell assay and by a PHZ stress test. Neither
decreased expression level of VCAM-I mRNA nor impaired
erythroid differentiation were observed. In addition, the response to
the PHZ stress test was also comparable between the 2 groups.
These results indicate that c-Maf might activate the VCAM-1 gene
and affect erythroblastic island maintenance in a context-dependent
manner. Such observations were reported previously. In Palld=/~
fetal liver, erythroblastic island formation or integrity was im-
paired, but Palld~/~ fetal liver cells could reconstitute the blood of
lethally irradiated mice.® Thus, c-Maf and Palladin are important
for erythroblastic islands in the embryonic stage, but their impor-
tance in the adult stage is still unconfirmed. However, a previous
study found that ICAM-4 is critical for erythroblastic island
formation in adult marrow,*! but the role of ICAM-4 in the
embryonic stage has been left for future study. Overall, previous
studies and our results indicate that there might be different
mechanisms or regulation processes or both between fetal liver and
adult marrow/spleen erythroblastic island formation and mainte-
nance. This suggests that macrophages in fetal liver and in the adult
marrow/spleen might have different developmental origins. Further
studies are needed to investigate this possibility.

Recent reports have indicated that definitive as well as primitive
erythropoiesis are related to erythroblastic islands.®® Kingsley et
al* revealed that yolk sac-derived primitive erythroblasts enucleate
during gestation, and Isern et al® and Fraser et al*® also have
demonstrated, using transgenic mouse lines, that primitive erythro-
blasts enucleate within the fetal liver.3®43 Our quantitative RT-PCR
results suggested that definitive erythropoiesis is more involved in
erythroblastic islands than is primitive erythropoiesis in vivo
(supplemental Figure 3). Therefore, this result indicates that
definitive erythropoiesis in fetal liver is predominantly impaired in
c-Maf~'~ embryos, whereas primitive erythropoiesis is maintained
in c-Maf~/~ embryos.

Our study showed that c-Maf~/~ mice were embryonic lethal on
the C57BL/6 background and that c-Maf~/~ macrophages might be
responsible for this. Previous reports from our laboratory and from
others indicated that c-Maf~/~ mice were lethal around birth on the
C57BL/6J X 129/SV background, but some mice on the BALB/c
background live to adulthood.'**45 Tt is known that cytokine
production in T-helper cells differs between C57BL/6 and BALB/c
backgrounds. Recently Mills at al*® reported that cytokine produc-
tion in macrophages differed according to the backgrounds of the
mice. On a C57BL/6 background, inflammatory cytokine produc-
tion is more dominant than on a BALB/c background. It is well
known that apoptotic cells are recognized by macrophages and
induce the production of proinflammatory cytokines.*’ Increased
amounts of apoptotic cells were observed in ¢c-Maf~'~ fetal liver,
suggesting that inflammatory cytokine production might be trig-
gered in ¢-Maf~/~ fetal liver. Therefore, our c-Maf~/~ mice were
lethal at an earlier gestational date than indicated by previous
reports. We found that c-Maf~~ fetal liver macrophages produced
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more cytokines than ¢-Maf*/* fetal liver macrophages (supplemen-
tal Figure 7). Hence, it is tempting to speculate that increased
numbers of apoptotic cells trigger the production of inflammatory
cytokines that are reported to be responsible for anemia and
embryonic lethality. This speculation supports the idea that the
¢-Maf~’~ macrophages are responsible for anemia and lethality.
This hypothesis may also explain the phenotype discrepancy
between c-Maf/~ mice and F4/80~/~ or VCAM-1~/~ mice. Neither
F4/80 knockout mice nor mice with a conditional ablation of
VCAM-1 in blood cells are embryonic lethal.*-%0 In addition,
c-Maf is a transcription factor, and it might regulate sets of target
genes in fetal macrophages that might in turn be responsible for the
observed anemia and lethality.

In summary, we have shown that the transcription factor c-Maf
gene affects the hematopoietic microenvironment by playing a
crucial role in regulating fetal liver macrophages.
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Myelodysplastic syndromes (MDS) and related disorders (myelodys-

plasia) comprise a group of myeloid neoplasms characterized by
deregulated, dysplastic blood cell production and a predisposition to
acute myeloid leukaemia (AML)". Although the prevalence of MDS has
not been determined precisely, more than 10,000 people are estimated
to develop myelodysplasia annually in the United States’. Their indol-
ent clinical course before leukaemic transformation and ineffective
haematopoiesis with evidence of myeloid dysplasia indicate a patho-
genesis distinct from that involved in de novo AML. Currently, a
number of gene mutations and cytogenetic changes have been impli-
cated in the pathogenesis of MDS, including mutations of RAS, TP53
and RUNX1I, and more recently ASXL1, ¢-CBL, DNMT3A, IDH1/2,
TET2 and EZH2 (ref. 3). Nevertheless, mutations of this set of genes
do not fully explain the pathogenesis of MDS because they are also
commonly found in other myeloid malignancies and roughly 20% of
MDS cases have no known genetic changes (ref. 4 and unpublished
data). In particular, the genetic alterations responsible for the dys-
plastic phenotypes and ineffective haematopoiesis of myelodysplasia
are poorly understood. Meanwhile, the recent development of mas-
sively parallel sequencing technologies has provided an expanded
opportunity to discover genetic changes across the entire genomes or
protein-coding sequences in human cancers at a single-nucleotide
level*"°, which could be successfully applied to the genetic analysis
of myelodysplasia to obtain a better understanding of its pathogenesis.

Overview of genetic alterations

In this study, we performed whole-exome sequencing of paired
tumour/control DNA from 29 patients with myelodysplasia (Sup-
plementary Table 1). Although incapable of detecting non-coding
mutations and gene rearrangements, the whole-exome approach is
a well-established strategy for obtaining comprehensive registries of
protein-coding mutations at low cost and high performance. With a
mean coverage of 133.8, 80.4% of the target sequences were analysed
at more than X20 depth on average (Supplementary Fig, 1). All the
candidates for somatic mutations (N = 497) generated through our
data analysis pipeline were subjected to validation using Sanger
sequencing (Supplementary Methods I and Supplementary Fig. 2).
Finally, 268 non-synonymous somatic mutations were confirmed
with an overall true positive rate of 53.9% (Supplementary Fig. 3),
including 206 missense, 25 nonsense, and 10 splice site mutations,
and 27 frameshift-causing insertions/deletions (indels) (Supplemen-
tary Fig. 4). The mutation rate of 9.2 (0-21) per sample was signifi-
cantly lower than that in solid tumours (16.2-302)"'"'? and multiple
myeloma (32.4)%, but was comparable to that in AML (7.3-13)"*""*
and chronic lymphocytic leukaemia (11.5)'¢. Combined with the
genomic copy number profile obtained by single nucleotide poly-
morphism (SNP) array karyotyping, this array of somatic mutations
provided a landscape of myelodysplasia genomes (Supplementary
Fig. 5)7%, ! oo
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Novel gene targets in myelodysplasia

The list of the somatic mutations (Supplementary Table 2) included
most of the known gene targets in myelodysplasia with similar muta-
tion frequencies to those previously reported, indicating an acceptable
sensitivity of the current study. The mutations of the known gene
targets, however, accounted for only 12.3% of all detected mutations
(N = 33), and the remaining 235 mutations involved previously un-
reported genes. Among these, recurrently mutated genes in multiple
cases are candidate targets of particular interest, for which high muta-
tion rates are expected in general populations. In fact, 8 of the 12
recurrently mutated genes were among the well-described gene targets
in myelodysplasia (Supplementary Table 3). However, what immedi-
ately drew our attention were the recurrent mutations involving
U2AF35 (also known as U2AFI), ZRSR2 and SRSF2 (SC35), because
they belong to the common pathway known as RNA splicing. Including
an additional three genes mutated in single cases (SF3A1, SF3B1 and
PRPF40B), six components of the splicing machinery were mutated in
16 out of the 29 cases (55.2%) in a mutually exclusive manner (Fig. 1,
Supplementary Fig. 6 and Supplementary Table 2).

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

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

Pre-mRNA

{7} UHM domain
Q RS domain

@ Zinc finger domain

Figure 1| Components of the splicing E/A complex mutated in
myelodysplasia. RNA splicing is initiated by the recruitment of Ul snRNP to
the 5'SS. SF1 and the larger subunit of the U2 auxiliary factor (U2AF), U2AF65,
bind the branch point sequence (BPS) and its downstream polypyrimidine
tract, respectively. The smaller subunit of U2AF (U2AF35) binds to the AG
dinucleotide of the 3'SS, interacting with both U2AF65 and a SR protein, such
as SRSF2, through its UHM and RS domain, comprising the earliest splicing
complex (E complex). ZRSR2 also interacts with UZAF 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 SRSF1, 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 SF1 (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, SF3BI mutations were found in the majority of the
cases with MDS characterized by increased ring sideroblasts, that is,
refractory anaemia with ring sideroblasts (RARS) (19/23 or 82.6%) and
refractory cytopenia with multilineage dysplasia with = 15% ring side-
roblasts (RCMD-RS) (38/50 or 76%) with much lower mutation fre-
quencies in other myeloid neoplasms. RARS and RCMD-RS account
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Figure 2 | Mutations of multiple components of the splicing machinery.
Each mutation in the eight spliceosome components is shown with an
arrowhead. Confirmed somatic mutations are discriminated by red arrows.
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 mutatjons 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.
SRSF2 mutations exclusively occurred at P95 within an intervening
sequence between the RNA recognition motif (RRM) and arginine/
serine-rich (RS) domains (Fig. 2 and Supplementary Figs 8 and 9).
Similarly, SF3B1 mutations predominantly involved K700 and, to a
lesser extent, K666, H662 and E622, which are also conserved across
species (Fig. 2 and Supplementary Fig. 10). The involvement of recur-
rentamino acid positions in these spliceosome genes strongly indicated
a gain-of-function nature of these mutations, which has been a well-
documented scenario in other oncogenic mutations®. On the other
hand, the 23 mutations in ZRSR2 (Xp22.1) were widely distributed
along the entire coding region (Fig. 2). Among these, 14 mutations were
nonsense or frameshift changes, or involved splicing donor/acceptor
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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
UZ2AF35 and SRSF2 found no mutations among lymphoid neoplasms,
including acute lymphoblastic leukaemia (N = 24) or non-Hodgkin’s
lymphoma (N = 87) (data not shown).

RNA splicing and spliceosome mutations

Because the splicing pathway mutations in myelodysplasia widely and
specifically affect the major components of the splicing complexes
E/A in a mutually exclusive manner, the common consequence of
these mutations is logically the impaired recognition of 3'SSs that
would lead to the production of aberrantly spliced mRNA species. To
appreciate 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 (qQPCR) (Fig. 4c
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 $34F mutant (Supplementary Figs 11b, ¢). The NMD
activation by the mutant U2AF35 was suppressed significantly by the co-
overexpression of the wild-type protein (Supplementary Fig. 11d), indi-
cating that the effect of the mutant protein was likely to be mediated by
inhibition of the functions of the wild-type protein. Given that the NMD
pathway, known as mRNA surveillance, provides a post-transcriptional
mechanism for recognizing and eliminating abnormal transcripts that
prematurely terminate translation”, the result of the GSEA analyses
indicated that the mutant U2AF35 induced abnormal RNA splicing in
HeLa and 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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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 HelLa 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~, CD347KSL) prepared from C57BL/6 (B6)-Ly5.1
mouse bone marrow® was retrovirally transduced with either the
mutant (S34F, Q157P and Q157R) or wild-type U2AF35, or the mock
constructs, each harbouring the EGFP marker gene (Supplementary Fig.
16). The ability of these transduced cells to reconstitute the haemato-
poietic system was tested in a competitive reconstitution assay. The
transduced cells were mixed with whole bone marrow cells from
B6-Ly5.1/5.2 F1 mice, transplanted into lethally irradiated B6-Ly5.2
recipients, and peripheral blood chimaerism derived from 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 SF3A41, SFI, 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 HeLa 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 59— 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 CD34KSL cells and cultured cell lines, with EGFP marking, respec-
tively. Total RNA was extracted from wild-type or mutant U2AF35-transduced
Hela 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.

Received 7 June; accepted 24 August 2011,
Published online 11 September 2011.

1. Corey,S.J. etal Myelodysplastic syndromes: the complexity of stem-cell diseases.
Nature Rev. Cancer 7, 118129 (2007).

2. Ma,X,Does, M, Raza, A. & Mayne, S.T. Myelodysplastic syndromes: incidence and
survival in the United States. Cancer 109, 1536-1542 (2007).

3. Bejar, R, Leving, R. & Ebert, B. L. Unraveling the molecular pathophysiology of
myelodysplastic syndromes. J. Clin. Oncol. 29, 504515 (2011).

4. Sanada, M. etal. Gain-of-function of mutated C-CBL tumour suppressor in myeloid
neoplasms. Nature 460, 904-908 (2009).

5. Campbell, P. J. et al. identification of somatically acquired rearrangements in
cancer using genome-wide massively parallel paired-end sequencing. Nature
Genet. 40, 722-729 (2008).

6. Chapman, M. A etal. Initial genome sequencing and analysis of multiple myeloma.
Nature 471, 467-472 (2011).

7. Lee,W.etal The mutation spectrum revealed by paired genome sequences from a
lung cancer patient. Nature 465, 473-477 (2010).

8. Ley, T.J. et al. DNA sequencing of a cytogenetically normal acute myeloid
leukaemia genome. Nature 456, 66-72 (2008).

9. Metzker, M. L. Sequencing technologies — the next generation. Nature Rev. Genet.
11, 31-46 (2010).

10. Shendure, J. & Ji, H. Next-generation DNA sequencing. Nature Biotechnol. 26,
1135-1145 (2008).

11. Shah,S. P. et al Mutational evolution in a lobular breast tumour profiled at single
nucleotide resolution. Nature 461, 809-813 (2009).

12, Varela, I, et al. Exome sequencing identifies frequent mutation of the SWI/SNF
complex gene PBRM1 in renal carcinora, Nature 469, 539-542 (2011).

13. Ley,T.J. et al. DNMT3A mutations in acute myeloid leukemia. N. Engl. J. Med. 363,
2424-2433 (2010).

14. Mardis, E. R. et al. Recurring mutations found by sequencing an acute myeloid
leukemia genome. N. Engl. J. Med. 361, 1058-1066 (2009).

15. Yan, X. J. et al. Exome sequencing identifies somatic mutations of DNA
methyltransferase gene DNMT3A in acute monocytic leukemia. Nature Genet, 43,
309-315 (2011).

ARTICLE [N

16. Puente, X. S. et al. Whole-genome sequencing identifies recurrent mutations in
chronic lymphocytic leukaemia. Nature 475, 101-105 (2011).

17. Nannya, Y. et al. A robust algorithm for copy number detection using high-density
oligonucleotide single nucleotide polymorphism genotyping arrays. Cancer Res.
65, 6071-6079 (2005).

18. Yamamoto, G. et al. Highly sensitive method for genomewide detection of allelic
composition in nonpaired, primary tumor specimens by use of Affymetrix single-
nucleotide-polymorphism genotyping microarrays, Am. J. Hum. Genet. 81,
114-126 (2007). .

19. Wahl, M. C,, Will, C. L. & Luhrmann, R. The spliceosome: design principles of a
dynamic RNP machine. Cell 136, 701-718 (2009).

20. Tronchére, H, Wang, J. & Fu, X. D. A protein related to splicing factor U2AF that
interacts with U2AF®® and SR proteins in splicing of pre-mRNA. Nature 388,
397-400 (1997).

21. Bevilacqua, L. etal. A population-specific HTR2B stop codon predisposes to severe
impulsivity. Nature 468, 1061-1066 (2010).

22. Calvo,S.E.etal High-throughput, pooled sequencing identifies mutations in NUBPL
and FOXREDI in human complex | deficiency. Nature Genet. 42, 851-858 (2010).

23. Haase, D. et al. New insights into the prognostic impact of the karyotype in MDS
and correlation with subtypes: evidence from a core dataset of 2124 patients.
Blood 110, 4385-4395 (2007).

24. Xiao, R. et al. Splicing regulator SC35 is essential for genomic stability and cell
proliferation during mammalian organogenesis. Mol. Cell. Biol. 27, 5393-5402
(2007).

25. Morin, R. D. et al. Somatic mutations altering EZH2 (Tyr641) in follicular and
diffuse large B-cell lymphomas of germinal-center origin. Nature Genel. 42,
181-185 (2010).

26. Subramanian, A, et al. Gene set enrichment analysis: a knowledge-based
approach for interpreting genome-wide expression profiles. Proc, Natl Acad. Sci.
USA 102, 15545-15550 (2005).

27. Maquat, L. E. Nonsense-mediated mRNA decay: splicing, translation and mRNP
dynamics. Nature Rev. Mol. Cell Biol. 5, 893-99 (2004).

28, Ema, H. et al. Adult mouse hematopoietic stem cells: purification and single-cell
assays. Nature Protocols 1, 2979-2987 (2007).

29, Chen, M. & Manley, J. L. Mechanisms of alternative splicing regulation: insights
from molecular and genomics approaches. Nature Rev. Mol. Cell Biol. 10, 741-754
(2009). '

30. Ni,J.Z et al. Ultraconserved elements are associated with homeostatic control of
splicing regulators by alternative splicing and nonsense-mediated decay. Genes
Dev. 21, 708-718 (2007).

31. He,H.etal Mutationsin U4atac snRNA, a component of the minor spliceosome, in
the developmental disorder MOPD |. Science 332, 238-240 (2011).

32. Edery, P. et al. Association of TALS developmental disorder with defect in minor
splicing component U4atac snRNA. Science 332, 240-243 (2011).

33. David, C.J. & Manley, J. L. Alternative pre-mRNA splicing regulation in cancer:
pathways and programs unhinged. Genes Dev. 24, 2343-2364 (2010).

34. Pajares, M. J. et al. Alternative splicing: an emerging topic in molecular and clinical
oncology. Lancet Oncol. 8, 349-357 (2007).

35, Shen, H.,Zheng, X, Luecke, S. & Green, M. R. The U2AF35-related protein Urp
contacts the 3’ splice site to promote U12-type intron splicing and the second step
of U2-type intron splicing. Genes Dev. 24, 2389-2394 (2010).

36. Barlow, J. L. et al. A p53-dependent mechanism underlies macrocytic anemiain a
mouse model of human 5q— syndrome. Nature Med. 16, 59-66 (2010).

37. Ebert, B. L. et al. Identification of RPS14 as a 5q~ syndrome gene by RNA
interference screen. Nature 451, 335~-339 (2008).

Supplementary Information is linked to the online version of the paper at
www.nature.com/nature.

Acknowledgements This work was supported by Grant-in-Aids from the Ministry of
Health, Labor and Welfare of Japan and from the Ministry of Education, Culture, Sports,
Science and Technology, and also by the Japan Society for the Promotion of Science
(JSPS) through the ‘Funding Program for World-Leading Innovative R&D on Science
and Technology (FIRST Programy)’, initiated by the Council for Science and Technology
Policy (CSTP). pGCDNsamIRESEGFP vector was a gift from M. Onodera. We thank

Y. Mori, 0. Hagiwara, M. Nakamura and N. Mizota for their technical assistance. We are
also grateful to K. Ikeuchi and M. Ueda for their continuous encouragement throughout
the study.

Author Contributions Y.Sh,, Y.Sa,, A.S-0O. Y.N, M.N,, G.C, RK. and S.Miyano were
committed to bioinformatics analyses of resequencing data. M.Sa., A.S.-0. and Y.Sa.
performed microarray experiments and their analyses.R.Y., T.Y.,, M.0., M.Sa., AK,, M.Sh.
and H.N. were involved in the functional analyses of U2AF35 mutants. N.O., M.S.-Y., K,
H.M, W-KH., F.N, DN, T.H, CH, S.Miyawaki, S.C,, H.PK. and L.-Y.S. collected
specimens and were also involved in planning the project. K.Y, Y.N, Y.Su,, AS.-0. and
S.S. processed and analysed genetic materials, library preparation and sequencing.
K.Y, M.Sa, Y.Sh,AS.-0.Y.Sa. and S.0. generated figures and tables. S.0. led the entire
project and wrote the manuscript. All authors participated in the discussion and
interpretation of the data and the results.

Author Information Sequence data have been deposited in the DDBJ repository under
accession number DRAO00433. Microarray data have been deposited in the GEO
database under accession numbers GSE31174 (for SNP arrays), GSE31171 (for exon
arrays) and GSE31172 (for expression arrays). Reprints and permissions information
is available at www.nature.com/reprints. The authors declare no competing financial
interests. Readers are welcome to comment on the online version of this article at
www.nature.com/nature, Correspondence and requests for materials should be
addressed to S.0. (sogawa-tky@umin.ac.jp).

6 OCTOBER 2011 | VOL 478 | NATURE | 69

©2011 Macmillan Publishers Limited. All rights reserved

— 134 —



{Corespondence i

bjhi

Rapid T-cell chimerism switch and memory T-cell expansion are
associated with pre-engraftment immune reaction early after

cord blood transplantation

Cord blood (CB) contains immature immune cells and is
thought to be less active in inducing allogeneic immune reac-
tion than other sources of stem cells. However, a high inci-
dence of immune-mediated complications has been reported,
such as pre-engraftment immune reaction (PIR) and haemo-
phagocytic syndrome (HPS) early after cord blood transplan-
tation (CBT) (Kishi er al, 2005 Narimatsu et al, 2007;
Frangoul et al, 2009; Takagi et al, 2009; Patel et al, 2010). In
addition, we reported that human leucocyte antigen (HLA)
disparity in the graft-versus-host (GVH) direction adversely
affected engraftment kinetics when single calcineurin inhibi-
tors were used for GVH disease (GVHD) prophylaxis
(Matsuno et al, 2009). These observations suggested that the
GVH reaction plays a critical role in engraftment. Here, we
report the engraftment kinetics of donor-derived T cells
using a multicolour flow cytometry-based method (HLA-
Flow method) (Watanabe et al, 2008) and also describe the
results of naive/memory T-cell phenotype analyses early after
CBT.

Between November 2009 and September 2010, 73 adult
patients underwent single-unit CBT at Toranomon hospital.
This study reports 41 patients who were eligible for chime-
rism analysis using the HLA-Flow method and survived more
than 14 d after CBT. Characteristics of the patients and CB
are summarized in Table SI. All patients provided written
informed consent, and the study was conducted in
accordance with institutional review board requirements.
Peripheral blood was collected at 1, 2, 3, 4, and 8 weeks after
CBT. Anti-HLA monoclonal antibodies in combination with
lineage-specific antibodies were used to analyse the lineage-
specific chimerism as previously reported (Watanabe et al,
2008). Anti-HLA antibodies specific for donor and recipient
HLA in all patients are summarized in Table SII. At 2, 4,
and 8 weeks after CBT, T-cell subsets were analysed using
the following monoclonal antibodies: peridinin-chlorophyll-
protein — cyanin 5.5 (PerCP-Cy5-5)-CDS8, phycoerythrin —
cyanin 7 (PE-Cy7)-CCR7, allophycocyanin (APC)-CD4,
APC-Cy7-CD3 (BD Pharmingen, San Jose, CA, USA), and
Pacific Blue-CD45RA (CALTAG, Carlsbad, CA, USA). Abso-
lute numbers of CD4" T cells (CD3*CD4"), CD8" T cells
(CD3*CD8"), and naive (CD45RA™CCR7") and memory
(CD45RA™CCR7*™) T cells were calculated by multiplying
the peripheral lymphocyte counts by the percentage of posi-
tive cells. PIR was characterized by non-infectious high-grade
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fever (>38-5°C) coexisting with skin eruption, diarrhoea,
jaundice and/or body weight gain greater than 5% of base-
line, developing 6 or more days before engraftment (Kishi
et al, 2005; Uchida et al, 2011). Cumulative incidence of
neutrophil engraftment, PIR, and GVHD were calculated
using Gray’s method. Intergroup comparisons: were
performed using the Mann-Whitney U-test.

We analysed lineage-specific chimerism for 32, 40, 40, 34,
and 34 patients at a median of 8 (range, 7-11; week 1), 15
(14-20; week 2), 22 (21-25; week 3), 29 (28-36; week 4),
and 57 (56-62; week 8) days post-transplant, respectively.
Fig 1A shows representative results for CD4* T-cell chime-
rism. CD4" and CD8" T-cell chimerism results in all patients
are shown in Fig 1B. Of 41 enrolled patients, 37
achieved neutrophil engraftment at a median of 19 d (range,
13-38 d). Thirty-nine patients achieved donor-dominant
T-cell chimerism (>90%) by 3 weeks after CBT, whereas the
remaining two patients, with recipient-dominant T-cell chi-
merism (>90%) at every point tested, developed graft failure
because of early relapse (day 14 post-transplant) and rejec-
tion, respectively. Among the 39 patients who achieved
donor-dominant T-cell chimerism, two died before engraft-
ment due to non-relapse causes on day 28 (infection) and
day 25 (diffuse alveolar haemorrhage), respectively. Among
those with donor-dominant chimerism, 24 (63%) of 38
evaluable patients developed PIR at a median of 8 (6-11)
days after CBT. Patients who achieved donor-dominant
T-cell chimerism (>90%) at 1 week had a higher incidence
of PIR compared to those who did not (P = 0-017, Fig 1C).
In a representative patient at 2 weeks after CBT, rapid con-
version from naive to memory phenotype was observed in
both CD4* and CD8" T cells (Fig 2A). Fig 2B shows the rel-
ative proportion of naive CD4* and CD8* T cells at 2, 4,
and 8 weeks after CBT in 37 evaluable patients who achieved
donor-dominant T-cell chimerism. Patients who developed
PIR had significantly more lymphocytes, CD4* T cells, CD8*
T cells, CD4* memory T cells, and CD8* memory T cells at
2 weeks after CBT compared with those without PIR (Fig 2C
and data not shown).

Our data confirmed that a majority of patients achieved
donor-dominant T-cell chimerism around 2 weeks after
CBT. We also found that early recipient-type T-cell chime-
rism was closely associated with graft rejection. A remarkable
finding was that a rapid recipient-to donor-dominant switch
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Fig 1. T-cell chimerism analysed by HLA-Flow method. (A) Chimerism analysis by the HLA-Flow method separated donor- vs. recipient-derived
cells among CD4" T cells at 1 week after cord blood transplant (CBT). In Case 6, human leucocyte antigen (HLA)-A2 was recipient-specific and
HLA-A24 was donor-specific. In Case 27, HLA-A2 was recipient-specific, whereas HLA-A24 was shared by both donor and recipient, indicating

that HLA-A2-negative and HLA-A24-positive cells were donor-derived. (B)

The median percentages of donor-derived CD4" T cells and CD8*

T cells at 1 week after CBT were 88-9%, and 93-5%, respectively. Red dotted lines indicate recipient-dominant chimerism in two patients who
developed graft failure. (C) Cumulative incidence of pre-engraftment immune reaction (PIR) according to chimerism status of T cells at 1 week

after CBT

of T-cell chimerism at 1 week post-transplant was associated
with a higher incidence of PIR, supporting a hypothesis that
PIR could be an early variant form of GVH reaction caused
by donor-derived T cells. CB T cells are naive and do not
include pathogen-specific effector T cells. Grindebacke et al
(2009) demonstrated that about 80% of CD4" T cells kept
the naive phenotype during the first 18 months after birth.
In contrast, we found a rapid conversion from naive to
memory phenotype at 2 weeks after CBT. In addition, PIR
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could be associated with peripheral expansion of donor-
derived memory T cells. Recently, Gutman et al (2010)
reported that CD8% T cells predominately expressed effector
memory or effector phenotype early after double-unit CBT,
reflecting an immune response of the dominant unit
against the non-engrafting unit. These findings suggest that
donor-derived naive T cells will be activated by alloantigens
and differentiate into mature cells early after CBT. Most of
the present patients with PIR responded promptly after a

© 2012 Blackwell Publishing Ltd.
British Journal of Haematology, 2013, 160, 255-272
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Fig 2. Conversion from naive to memory T-cell phenotype. (A) A rapid conversion from naive phenotype (CD45RA*CCR7") to memory pheno-
type (CD45RA™CCR7%/7) in a representative sample at 2 weeks after cord blood transplant (CBT) (Case 5). (B) Relative proportion of naive
CD4* and CD8" T cells at 2, 4, and 8 weeks after CBT. Bold horizontal lines denote median values. (C) Memory T-cell counts at 2 weeks after
CBT in patients with or without pre-engraftment immune reaction (PIR).

short course of steroid treatment, and none experienced graft
failure due to HPS. This observation could be attributed to
miore intensive immunosuppression from adding mycophen-
olate mofetil to tacrolimus in the majority of patients
(Uchida et al, 2011). Although neither the T-cell chimerism
nor the memory T-cell counts affected the incidence of acute
GVHD, steroid treatment for PIR could suppress the onset
of acute GVHD. In conclusion, rapid T-cell chimerism
switch and donor-derived memory T-cell expansion were
associated with PIR, supporting a significant role of donor-
derived T cells in the pathogenesis of the early immune reac-
tion after CBT.

© 2012 Blackwell Publishing Ltd
British Journal of Haematology, 2013, 160; 255-272
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TRANSPLANTATION

Brief report

Successful sustained engraftment after reduced-intensity umbilical cord blood
transplantation for adult patients with severe aplastic anemia

Hisashi Yamamoto,! Daisuke Kato,! Naoyuki Uchida,' Kazuya Ishiwata, Hideki Araoka,? Shinsuke Takagi,’
Nobuaki Nakano,' Masanori Tsuji,! Yuki Asano-Mori,! Naofumi Matsuno,! Kazuhiro Masuoka, Koji Izutsu,! Atsushi Wake,'
Akiko Yoneyama,? Shigeyoshi Makino,® and Shuichi Taniguchi’4

Departments of 'THematology, 2Infectious Diseases, and *Transfusion Medicine, Toranomon Hospital, Tokyo, Japan; and *Okinaka Memorial Institute for Medical

Research, Tokyo, Japan

We retrospectively analyzed 12 consecu-
tive adult severe aplastic anemia patients
who received unrelated umbilical cord
blood transplantation after a reduced-
intensity conditioning regimen (RI-UCBT).
The conditioning regimen consisted of
125 mg/m? fludarabine, 80 mg/m? mel-
phalan, and 4 Gy of total body irradiation.
The median infused total nucleated cell
number and CD34* cell number were

2.50 x 107/kg and 0.76 x 10%kg, respec-
tively. Eleven of the 12 patients achieved
primary neutrophil and platelet engrafi-
ment. All patients who achieved engraft-
ment had complete hematologic recovery
with complete donor chimerism, except
for one patient who developed late graft
failure 3 years after RI-UCBT. Two of the
12 patients died of idiopathic pneumonia
syndrome, and the remaining 10 patients

are alive, having survived for a median of
36 months. Our encouraging results indi-
cate that RI-UCBT may become a viable
therapeutic option for adult severe aplas-
tic anemia patients who lack suitable hu-
man leukocyte antigen-matched donors
and fail immunosuppressive therapy.
(Blood. 2011;117(11):3240-3242)

Introduction

Bone marrow transplantation from a human leukocyte antigen
(HLA)-matched sibling is recommended as first-line therapy for
younger patients with severe aplastic anemia (SAA).? However,
many patients lack HLA-matched sibling donors. Bone marrow
transplantation from an HLA-matched unrelated donor has been an
alternative therapeutic option for patients who fail one or more
courses of immunosuppressive therapy, but high rates of graft
failure (GF), graft-versus-host disease (GVHD), and infection still
remain to be solved.? The number of unrelated umbilical cord blood
transplantations (UCBTs) has been increasing.* However, little
information has been available on whether UCBT is feasible for
SAA patients. We reported successful urgent UCBT using reduced-
intensity (RI) conditioning for a 70-year-old SAA patient in 2003.
Here we present successful sustained engraftment of 11 consecu-
tive patients with SAA who received RI-UCBT with the same RI
conditioning regimen after the first report.

Methods

This study included 12 consecutive adult patients with acquired SAA who
underwent RI-UCBT at our institute from September 2002 through January
2009. The patients’ characteristics and umbilical cord blood (UCB) units
are summarized in Table 1. Their median age was 49 years (range,
20-70 years). Four cases of severe, 6 of very severe, and 2 of fulminant type
were included according to criteria as previously reported.>6 Fulminant
type was defined as no neutrophils in the peripheral blood at diagnosis
despite administration of granulocyte-colony stimulating factor. Ten pa-
tients, except for the 2 patients with fulminant type, had failed at least one
course of immunosuppressive therapy. All patients gave their written

informed consent in accordance with the Declaration of Helsinki, and the
study was approved by the Toramon Hospital Institutional Review Board.
UCB units were obtained from the Japanese Cord Blood Bank Network,
and single UCB unit was infused in all the studied patients. All UCB units
were serologically typed for HLLA-A, -B, and -DR antigen before selection
and were tested by high-resolution DNA typing before transplantation. The
degree of mismatch is expressed using antigen level at HLA-A and -B, and
allele level at DRB1. ABO incompatibility was not incorporated as one of
the factors used in CB unit selection. The median total nucleated cell
number and CD34* cell number at cryopreservation were 2.50 X 107/kg
(range, 1.83-4.39 X 107/kg) and 0.76 X 10%kg (range, 0.27-1.52 X 105/
kg), respectively. Anti-HLA antibodies were screened before transplanta-
tion in 6 patients using a FlowPRA method (One Lambda), and LAB Screen
PRA or Single Antigen (One Lambda) was used to identify HLA antibody
specificities.” All patients were conditioned with 25 mg/m? fludarabine
daily for 5 days, 40 mg/m? melphalan daily for 2 days, and 4 Gy of total
body irradiation in 2 fractions in 1 day. GVHD prophylaxis consisted of
cyclosporine in 2, tacrolimus in 2, and tacrolimus plus mycophenolate
mofetil in 8. Assessment of engraftment, GF, chimerism, GVHD, and
supportive care during transplantation were performed as previously
reported.” !0 Karnofsky performance status score was assessed as surrogate
for quality of life of the survivors. Overall survival was estimated using the
Kaplan-Meier method.

Results and discussion

Patients’ outcomes are summarized in Table 2. Eleven of the
12 patients achieved primary neutrophil and platelet engraftment,
The median times to achieve neutrophil engraftment and platelet
count more than 20 X 10%/L were 18 days (range, 12-28 days) and
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Table 1. Characteristics of patient, grafts, and GVHD prophylaxis

RI-UCBT FORADULTS WITH SAA 3241

Interval from Previous Disease
Case Age, Previous diagnosis to  transfusiontimes status at
no. y treatment UCBT, mo

HLA Ab
(reactive to CB)

HLA ABO group TNC CD34+, GVHD

(R/D)

ATG + CSA

ATG + CSA

ATG + CSA, PSL >20/>20

> 20/> 20

ATG + CSA, PSL

12 31 ATG + CSA, PSL 215 >20/>20

UCBT

Fulminant

SAA

match x 107/kg x 10%kg prophylaxis

Tac
Tac + MMF
Tac + MMF

4/6 Positive (no) B/O 2.09 Tac + MM‘IV-"

ABC indicates red blood cell; CB, cord blood; R, recipient; D, donor; TNC, total nucleated cells; CSA, cyclosporine-A; ATG, antithymocyte globulin; PSL, prednisone;
VSAA, very severe aplastic anemia; NT, not tested; Tac, tacrolimus; and MMF, mycophenoiate mofetil.

42 days (range, 26-64 days), respectively. All patients who
achieved engraftment had complete hematologic recovery and
were free from transfusion, and they showed complete donor
chimerism at the time of the first chimerism analysis (median,
14 days; range, 11-73 days). One patient developed primary GF and
was later found to have antibody against mismatched HLA on
donor cells. Another patient developed secondary GF 3 years after
UCBT. Both patients underwent a second RI-UCBT and obtained
rapid donor engraftment. The negative impact of multiple transfu-
sions before transplantation was not detected (Tables 1-2). Among
11 evaluable patients, 2 developed grade I and 5 developed grade
Il acute GVHD. Of the 9 patients who survived longer than
100 days after transplantation, 3 developed limited type of chronic
GVHD. No patients developed grade III-IV acute GVHD and
extensive type of chronic GVHD. Two of the 12 patients died of
idiopathic pneumonia syndrome, and the remaining 10 patients are
alive, having survived for a median of 36 months (range, 14-
91 months). The probability of overall survival at 3 years was
83.3% (Figure 1). The surviving patients had high Karnofsky
performance status score with a median of 90% (range, 60%-100%).

The present study demonstrated that our RI conditioning
regimen allows a sufficient sustained engraftment of UCB in adult

SAA patients. The RI conditioning regimen was originally devel-
oped in our institute for UCBT for various hematologic malignan-
cies.® Eleven of the 12 patients achieved primary engraftment,
which compares favorably with previously reported engraftment
rates of UCBT for SAA.!-16 Our RI conditioning regimen would be
more potent than the others to overcome immunologic barriers for
engraftment. Cell dose has been known to significantly influence
the rate of engraftment after UCBT.' In the present study, although
the cell dose was not very large, sufficient engraftment was seen.
Any significant relationship between cell dose (total nucleated
cell, = 2.5 vs < 2.5 X 107/kg; CD34~, = 0.8 vs < 0.8 X 10%kg)
and engraftment kinetics were observed (data not shown). Thus,
not just cell dose but other factors, such as the intensity of the
conditioning regimen and posttransplantation immunosuppression,
may be important to achieve better engraftment after UCBT for
SAA patients. Interestingly, all 6 patients who were screened for
HLA antibodies before transplantation had HL A antibodies, and the
one case who had positive HLA antibodies against an HLA on a
transplanted UCB unit was the only one who failed primary
engraftment. Recently, Takanashi et al reported that, in large
number of UCBT for various hematologic malignancies, the

Table 2. Outcomes of 12 patients after reduced-intensity unrelated cord blood transplantation

Case Days to ANC Days to PC % Donor chimerism Discontinuation Survival

no. >05x10%L > 20 x 10%L  (days tested, methods) aGVHD cGVHD of IS (mo) Complications (mo)

1 1 @ PdssblelPA Alive (91)

2 > 90 (49, PCR-STR) Grade H (skin) Limited Yes (2} Alive (90)

3. £ 100 {26; FISH 5 (26) - Ye : L Alive (69).

4 100 (18, FISH) No No Yes (5) Pneumocystis jirovecii,  Alive (69)

late GF, rescued by

Alivek,(:}ke)
Dead; IPS (3)

Grade I} {skin, gui) No

Yes)

‘Gradel(skin)  NE . No . Dea; IP
10 99 (73, FISH) No Limited No No ~ Alive (22)
"o i SH  Gradeli(skingu) No . . No . N . Aive(22)
12 13 28 100 (14, FISH) Grade I} (gut) No No Alive (14)

ANC indicates absolute neutrophil count; PC, platelet count; aGVHD, acute graft-versus-host disease; cGVHD, chronic graft-versus-host disease; IS, immunosuppres-
sant; FISH, fluorescence in situ hybridization; PCR-STR, PCR of short tandem repeat; NE, not evaluable; IPA, invasive pulmonary aspergillosis; EBV-PTLD, Epstein-Barr
virus—associated posttransplantation lymphoproliferative disorder; and IPS, idiopathic pneumonia syndrome.
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Figure 1. Survival of 12 patients with SAA undergoing unrelated cord blood
transplantation.

patients with anti-HLA antibodies, when the specificity correspond-
ing to mismatched antigen in UCB graft, showed significantly
lower neutrophil or platelet recovery than those with antibody-
negative or -positive but not corresponding to UCB graft.!”
Although the observations may differ from that of diverse popula-
tions and warrants further investigation, if possible, the use of a
UCB unit with corresponding HLA antibodies in the recipient
should be avoided.

Three-year survival in the studied patients was 83.3%. In
addition to high rate of engraftment, the low risk of severe GVHD
might contribute to high survival rate with good quality of life, and
seems to be one of the important advantages of using a UCB unit
for SAA patients. The other advantage of the use of UCB units is
rapid availability. In the present study, 2 patients with fulminant
type could be rescued by urgent hematopoietic stem cell transplan-
tation using UCB units. More than 90% of recipients can find a
suitable UCB unit in Japan; thus, UCB expands the chance to
receive transplantation for those who need it urgently.

BLOOD, 17 MARCH 2011 - VOLUME 117, NUMBER 11

In conclusion, this retrospective study strongly suggests the
feasibility and effectiveness of RI-UCBT for adult SAA patients.
RI-UCBT may become a viable therapeutic option for those who
lack suitable HL.A-matched donors and who fail or relapse after
immunosuppressive therapy. Although our results should be inter-
preted with caution because of the small number of patients and
still short follow-up. duration, we think that RI-UCBT with the
conditioning regimen presented here deserves further evaluation in
a prospective trial, hopefully in a multicenter setting.
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INTRODUCTION

Killer cell immunoglobulin-like receptor (KIR) ligand incompat-
ibility may have some important roles in transplantation outcomes
such as leukemia relapse and leukemia-free survival.”™ Ruggeri
et al.>® reported surprisingly good clinical results that indicated no
relapse, no rejection and no acute graft-versus-host disease
(GVHD) after human leukocyte antigen (HLA) haplotype-
mismatched transplantations with KIR ligand incompatibility in
the GVH direction for acute myeloid leukemia (AML) patients. They
also reported that donor allogeneic natural killer (NK) cells
attacked host antigen-presenting cells (APCs), resulting in the
suppression of GVHD. However, results of studies regarding the
clinical advantage of KIR ligand incompatibility in allogeneic stem
cell transplantation (allo SCT) from an unrelated donor are
discrepant. Davies et al.” reported that there was no effect of
KIR ligand incompatibility on outcomes of unrelated bone marrow
transplantation without using anti-thymocyte globulin (ATG),
whereas Giebel et al.® reported a good effect of KIR ligand
incompatibility on the outcomes of unrelated bone marrow
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transplantation using ATG as part of GVHD prophylaxis. Morishima
et al® reported that KIR ligand mismatching induced adverse
effects on acute GVHD and rejection in leukemia patients
undergoing transplantation with T-cell-replete marrow from an
unrelated donor in Japan. It was reported that cord blood
transplantation (CBT) for acute leukemia patients in complete
remission (CR) from KIR ligand-incompatible donors in the GVH
direction was associated with decreased relapse and improved
survival.'” In another study, it was shown that KIR ligand mismatch
was associated with development of severe acute GVHD and risk
of death after double CBT with reduced-intensity conditioning
(RIC) regimen.'" Therefore, the role of KIR ligand incompatibility in
allo SCT remains controversial. To clarify the effect of KIR ligand
incompatibility on the outcomes of AML and acute lymphoblastic
leukemia (ALL) patients in CR after single CBT, we assessed the
outcomes of CBT registered in the Japan Society for
Hematopoietic Cell Transplantation (JSHCT) database between
2001 and 2010 (A Study from the HLA Working Group of the
JSHCT).
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