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(also known as GRP78 or HSPAS) (Fig. 2G). These results sug-
gested that ER stress response and UPR might be involved in the
pathogenesis in SCN.

To examine further the differences in gene expression between
the two cell types, a microarray analysis was carried out by using
CD34% cells derived from SCN-iPS and control iPS cells (three
clones of each) in suspension culture on day 2. At this early time
point, differences in cell number and morphology were not yet
readily discernible between SCN-iPS and control iPS cells, as
shown in Fig. 24. However, the microarray analysis revealed
a differential expression of various genes between the two cell
types. Transcription factor genes, which were related to neu-
trophil development [e.g., CCAAT/enhancer-binding protein
(C/EBP)-a (20), C/EBP-B (21), C/EBP-¢ (22), and SPI1 (also
known as PU.1) (23)], were all down-regulated in SCN-iPS cells.
B-cell chronic lymphocytic leukemia/lymphoma 2, which regu-
lates cell death under ER stress through the core mitochondrial
apoptosis pathway (24), was also down-regulated (Fig. 34).
These findings were confirmed by quantitative reverse-tran-
scriptional PCR (qQRT-PCR), as shown in Fig. 2H.

Notably, the down-regulation of the genes in SCN-iPS cells
related to and regulated by the wingless-type mmtv integration
site family, member 3a (Wnt3a)/B-catenin pathway [e.g., Wnt3a,
lymphoid enhance-binding factor (LEF)-1, BIRCS (also known
as survivin), and cyclin D1] was also uncovered by microarray
analysis and gqRT-PCR (Fig. 3 A-C and Fig. S4). Therefore, we

examined the effect of enhancement of Wnt3a/B-catenin signal-
ing by exogenous Wnt3a addition on the neutrophil development
of CD34" cells derived from SCN-iPS and control iPS cells.
Although Wnt3a did not stimulate the survival, proliferation, and
differentiation of CD34™ cells derived from both iPS cells in the
absence of cytokines stimulating myelopoiesis including G-CSF,
the addition of Wnt3a to the neutrophil differentiation medium
induced a dose-dependent increase in the percentage of mature
neutrophils among the cultured cells, as shown in Fig. 3 D and
E. Furthermore, when Wnt3a was added concurrently with
1,000ng/mL G-CSF, the proportion of mature neutrophils in-
creased more than it did with Wnt3a or 1,000 ng/mL G-CSF alone,
reaching a value comparable with that observed for control iPS
cells (Fig. 4 A and B).

The reduced expression of LEF-1 (as regulated by the Wnt3a/
p-catenin pathway) reportedly plays a critical role in the defective
maturation of neutrophils in SCN patients (25). Therefore, we
next examined LEF-1 mRNA expression in SCN-iPS-CD34*
cells cultured in the presence of Wnt3a, G-CSF (1,000 ng/mL),
or both. Wnt3a and G-CSF both enhanced LEF-1 mRNA ex-
pression, but the most significant increase was observed in the
presence of Wnt3a plus G-CSF. LEF-1 expression in SCN-iPS-
CD34* cells in response to Wnt3a plus G-CSF was almost the
same as that in control iPS-CD34% cells (Fig. 4C). These results
substantiate the importance of LEF-1 in neutrophil development
and the pathogenesis of SCN, as shown (25). Moreover the
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Fig. 3. Effects of Wnt3a on neutrophil development from SCN-iP$ cells. (4) Heat map showing differential gene expression among SCN-iPS and control iPS
cells on day 2. Red, high gene expression; blue, low gene expression compared with gene expression in control 3. (B) gRT-PCR analysis of the relative mRNA
expression (target/HPRT expression) of Wnt3a on day 2. Filled and open bars indicate experiments using SCN-iPS cells (SPNO101, SPN0102, and SPN0103) and
control iPS cells (controls 1, 2, and 3), respectively. Data are shown as mean + SD. *P < 0.05. (C) gRT-PCR analysis of the relative expression (target/HPRT
expression) of genes regulated by the Wnt3a/-catenin pathway (LEF-1, survivin, and cyclin D1) in SCN-iPS cells (filled bars, SPN0103) vs. control iPS cells (open
bars, control 1) on day 2 of suspension culture. Data are shown as mean + SD. **P < 0.01; *P < 0.05. (D) Proportion of mature neutrophils among the cells
derived from SCN-iPS cells (SPN0102) on day 14 of suspension culture with dose escalation of Wnt3a. Data are shown as mean + SD. **P < 0.01. (E) Pho-
tographs of nonadherent cells on day 7 of suspension cufture with or without Wnt3a (500 ng/mL) (400x; May-Grinwald-Giemsa staining).
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Fig. 4. Effects of Wnt3a in combination with high-dose G-CSF. (4) Filled and open bars show the proportion of mature neutrophils among the cells derived
from SCN-iPS cells (SPNO101) on day 14 of suspension culture in the presence of neutrophil differentiation medium containing 10 ng/mL G-CSF (GCSF 10 ng/mL);
500 ng/mL Wnt3a and 10 ng/mL G-CSF (Wnt3a+GCSF 10 ng/mL); 1,000 ng/mL G-CSF (GCSF 1,000 ng/mL); or 500 ng/mL Wnt3a and 1,000 ng/mL G-CSF (Wnt3a +
GCSF 1,000 ng/mL); and that from control iPS cells (controls 1 and 2) cultured in the neutrophil differentiation medium containing 10 ng/mL G-CSF, respectively.
Data are shown as mean + SD. **P < 0.01; *P < 0.05. (B) The proportion of mature neutrophils among the cells derived from three SCN-iP$ cell clones (SPN0101,
SPN0102, and SPN0103) on day 14 of suspension culture in the presence of neutrophil differentiation medium containing 10 ng/mL G-CSF (GCSF 10 ng/mL);
500 ng/mL Wnt3a and 10 ng/mL G-CSF (Wnt3a+GCSF 10 ng/mL); or 500 ng/mL Wnt3a and 1,000 ng/mL G-CSF (Wnt3a + GCSF 1,000 ng/mL). Data are shown
as mean =+ SD. **P < 0.01; *P < 0.05. (C) Filled and open bars show the relative expression (target/HPRT expression) of LEF-1 mRNA in SCN-iPS cells (SPN0101)
on day 2 of suspension culture in the presence of differentiation medium containing the same combinations of Wnt3a and G-CSF as shown in A and that from
control iPS cells (controi 2), respectively. Data are shown as mean + SD. **P < 0.01; *P < 0.05. (D) Filled and open bars show the relative expression (target/HPRT
expression) of C/EBP-a, BIRC5, or cyclin D1 mRNA in SCN-iPS cells (SPN0101) on day 2 of suspension culture in the presence of differentiation medium containing
the same combinations of Wnt3a and G-CSF as shown in A and that from control iPS cells (control 2), respectively. Data are shown as mean + SD. **P < 0.01;
*P < 0.05. (E) Total cell numbers of nonadherent cells in suspension cultures of 1 x 10* CD34* cells derived from control iPS cells (control 2; red broken line)
and SCN-iPS cells (SPN0O101) in the presence of neutrophil differentiation medium (black line) and those from SCN-iPS cells in the presence of neutrophil
differentiation medium containing 500 ng/mL Wnt3a (yellow line) or 1,000 ng/mL G-CSF (black line). Data are shown as mean + SD. **P < 0.05.

administration of Wnt3a led to up-regulate C/EBP-q, cyclin D1,
and BIRC5/survivin in addition to LEF-1 in the presence of G-
CSF (Fig. 4D). These results suggested that the up-regulation of
LEF-1 expression might promote granulopoiesis by increasing
the expressions of cyclin D1, BIRCS/survivin, and C/EBP-a and
its binding to LEF-1 in accordance with the previous report (25).
Interestingly, Wnt3a did not stimulate the proliferation of mye-
loid cells, whereas 1,000 ng/mL G-CSF did to a certain extent
(Fig. 4F). Hence, Wnt3a was capable of stimulating the maturation

Hiramoto et al.

of impaired neutrophils in the presence of G-CSF, but not the
proliferation of myeloid cells from SCN-iPS cells.

Importantly, aside from providing new insights into the mech-
anisms behind impaired neutrophil development in SCN patients,
the present study demonstrates that agents activating the Wnt3a/
fB-catenin pathway are potential candidates for new drugs for SCN
with mutations in the ELANE gene. Because endogenous G-CSF
is readily increased in SCN patients (26), these activating agents
may be viable alternatives to exogenous G-CSF treatment.
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Materials and Methods

Additional information is available in S/ Materials and Methods.

Generation of Human iPS Cells. BM fibroblasts from a patient with SCN and
skin dermal fibroblasts from a healthy donor were acquired after obtaining
informed consent after getting the approval by the Ethics Committee of the
Institute of Medical Science, University of Tokyo, in accordance with the
Declaration of Helsinki. The SCN patient presented with a heterozygous
mutation in the ELANE gene in the 707 region of exon 5. SCN-iPS cells were
established from the SCN-BM fibroblasts by transfection with the pMX ret-
roviral vector, as described (10). This vector expressed the human tran-
scription factors OCT3/4, SOX2, KLF4, and ¢-MYC. Control iPS cell clones,
control 1 (TkDN4-M) and control 3 (201B7), were gifts from K. Eto and
S. Yamanaka (Kyoto University, Kyoto), respectively (10, 11). Control 2
(SPHO101) was newly generated from another healthy donor’s skin dermal
fibroblasts by using the same methods.

Hematopoietic Colony Assay. A hematopoietic cofony assay was performed
in an aliquot of culture mixture, which contained 1.2% methylcellulose
(Shin-Etsu Chemical), 30% (vol/vol) FBS, 1% (vol/vol) deionized fraction V
BSA, 0.1 mM 2-mercaptoethanol (2-ME), a-minimum essential medium, and
a cytokine mixture consisting of 100 ng/mL human stem cell factor (hSCF)
(Wako), 100 ng/mL fusion protein 6 [FP6; a fusion protein of interleukin (IL)-
6 and IL-6 receptor] (a gift from Tosoh), 10 ng/mL human IL-3 (hIL-3) (a gift
from Kirin Brewery), 10 ng/mL human thrombopoietin (hTPO) (a gift from
Kirin Brewery), 10 ng/mL human G-CSF (a gift from Chugai Pharmaceutical),
and 5 U/mL human erythropoietin (a gift from Kirin Brewery). For dose es-
calation experiments, various concentrations (0, 1, 10, 100, and 1,000 ng/mL)
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of G-CSF were used instead of the cytokine mixture described above.
Colony types were determined according to established criteria on day 14
of culture by in situ observations under an inverted microscope (1X70;
Olympus) (27).

Suspension Culture and Neutrophil Differentiation Assay. CD34" cells (1 x 10*
cells) were cocultured with irradiate confluent AGM-S3 cells in neutrophil
differentiation medium containing Iscove’s modified Dulbecco’s medium,
10% FBS, 3 mM -glutamine, 1 x 107 M 2-ME, 1 x 107* M nonessential amino
acids solution, 100 ng/mL hSCF, 100 ng/mL FP6, 10 ng/mL hiL-3, 10 ng/mL
hTPO, and 10 or 1,000 ng/mL human G-CSF. Wnt3a (10, 100, or 500 ng/mL)
(R&D) was then added. The medium was replaced with an equivalent volume
of fresh medium every 4 d. Living, nonadherent cells were counted following
0.4% trypan blue staining.

PCR primer. All primer sets used in this study are shown in Table 1.

Statistical Analysis. All data are presented as mean x SD. P < 0.05 was con-
sidered significant. Statistical analyses were performed by using Prism soft-
ware (GraphPad).
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Lifelong haemorrhagic syndromes are in part caused by point
mutations in the ITGA2B and ITGB3 genes encoding
ITGA2B and ITGB3 proteins (integrin ollb and B3, respec-
tively). The ollbB3 complex regulates thrombopoiesis by
megakaryocytes and aggregation of platelets in response to
extracellular stimuli, such as ADP and collagen. The autoso-
mal recessive syndrome, Glanzmann thrombasthenia, is the
most frequently encountered disease caused by oIIbf3 muta-
tions (George et al, 1990; Nurden, 2006; Nurden & Nurden,
2008; Nurden et al, 2011a). Patients have a homozygous or a
compound heterozygous mutation in the ITGA2B or ITGB3
genes that causes loss of function of the olIbf3 complex.
Although platelet counts and size are generally normal,
patients typically have severe mucocutaneous bleeding, such
as epistaxis, menorrhagia and gastrointestinal bleeding, fre-
quently because of defects in platelet aggregation.

Mutations of the alIbB3 complex are also involved in con-

genital haemorrhagic diseases other

© 2012 Blackwell Publishing Ltd

British Journal of Haematology, 2013, 160, 521-529

than Glanzmann

Summary

olIbB3 integrin mutations that result in the complete loss of expression of
this molecule on the platelet surface cause Glanzmann thrombasthenia.
This is usually autosomal recessive, while other mutations are known to
cause dominantly inherited macrothrombocytopenia (although such cases
are rare). Here, we report a 4-generation pedigree including 10 individuals
affected by dominantly inherited thrombocytopenia with anisocytosis. Six
individuals, whose detailed clinical and laboratory data were available, car-
ried a non-synonymous ITGB3 gene alteration resulting in mutated integrin
B3 (ITGB3)-L718P. This mutation causes partial activation of the olIb3
complex, which promotes the generation of abnormal pro-platelet-like
protrusions through downregulating RhoA (RHOA) activity in transfected
Chinese Hamster Ovary cells. These findings suggest a model whereby the
integrin B3-L718P mutation contributes to thrombocytopenia through
gain-of-function mechanisms.

Keywords: integrin 3 L718P mutation, familial thrombocytopenia, autosomal
dominant inheritance, whole exome sequencing, inhibition of RhoA.

thrombasthenia (Ghevaert et al, 2008; Schaffner-Reckinger et
al, 2009; Jayo et al, 2010; Kunishima et al, 2011; Nurden et
al, 2011b). For example, the integrin B3 D723H mutation is
found in autosomal dominant macrothrombocytopenia
(Ghevaert et al, 2008). Biochemical analysis revealed that in-
tegrin B3-D723H is a gain of function mutation which acti-
vates the alIbP3 complex constitutively, albeit only partially.
This results in the formation of proplatelet-like protrusions
in transfected Chinese Hamster Ovary (CHO) cells, a model
of relevance for the formation of macrothrombocytes
(Ghevaert et al, 2008; Schaffner-Reckinger et al, 2009).

More recently, a sporadic patient carrying an integrin
33-L718P mutation was reported (Jayo et al, 2010). She had
mild thrombocytopenia (127 x 10°/1), platelet anisocytosis
and reduced platelet aggregation potential. This mutation
also induces abnormal proplatelet formation.
~ In the present study, we report a pedigree with a total 10 of
individuals affected by a dominantly inherited haemorrhagic
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syndrome. Six individuals whose detailed clinical and labora-
tory data are available, presented with thrombocytopenia
accompanied by anisocytosis and carry a non-synonymous
ITGB3 T2231C alteration resulting in the integrin f3-L718P
mutation. We also performed entire exon sequencing by a
next-generation sequencing and found that the integrin
3-L718P mutation is most likely the sole gene responsible for
thrombocytopenia in this pedigree.

Materials and methods

Written informed consent was obtained from individuals
in the family in accordance with the Declaration of Hel-
sinki for blood sampling and analysis undertaken with the
approval of the Hiroshima University Institutional Review
Board.

Patient

The patient was 4-year-old Japanese girl (iv.3 in Fig 1A),
who presented with mild bleeding tendencies, such as recur-
rent nasal bleeding and purpura in her extremities. Her
platelet count was 49-72 x 10°/1 with a mean platelet vol-
ume (MPV) of 9-8-10-9 fl. White blood cell and red blood
cell counts were within the normal range and there were no
morphological abnormalities including inclusions in neu-
trophils. Bone marrow examination was not performed. A
total of six of her relatives, namely her father (iii.2), sister
and brother (iv.1 and iv.2), two cousins (iv.4 and iv.5) and
an aunt (iii.5), were subsequently found to have low platelet
counts and were referred to our institute for further investi-
gation.

Antibodies and reagents

Unconjugated or phycoerythrin-cyanin 5 (PC5)-conjugated
anti-CD41 monoclonal antibody (Ab) (clone P2) against the
ollIbB3 complex (Beckman Coulter, Brea, CA, USA), fluores-
cein isothiocyanate (FITC)-conjugated anti-CD41la monoclo-
nal Ab (clone HIP8) (Beckman Coulter), FITC- or peridinin
chlorophyll (PerCP)-conjugated anti-CD61 monoclonal Ab
(clone RUU-PL 7F12) (BD Biosciences, San Jose, CA, USA),
FITC-conjugated PAC-1 (BD Biosciences) and Alexa488-
conjugated human fibrinogen (Life Technologies, Carlsbad,
CA, USA) were used in flow cytometry. Anti-CD61
monoclonal Ab (clone EP2417Y) (Abcam, Cambridge, UK),
anti-DDDDK-tag polyclonal Ab (Medical & Biological Labo-
ratories, Nagoya, Japan), Alexa488-conjugated phalloidin and
Hoechst 33342 (both Life Technologies) were used for
immunofluorescence microscopy. The oligopeptide Arg-Gly-
Asp-Ser (RGDS) (Sigma—Aldrich, St Louis, MO, USA) was
used to competitively inhibit the binding of ligands to
olIbB3, and adenosine diphosphate (ADP) (nacalai tesque,
Kyoto, Japan) was used for the stimulation of oIIbB3 on
platelets.

522

Construction and transfection of expression vectors

Full-length wild type (WT) ITGA2B and ITGB3 cDNA were
amplified by polymerase chain reaction (PCR) and cloned into
pcDNA3-1 expression vectors. A PCR-mediated site-directed
mutagenesis technique was applied to produce ITGB3 mutants
encoding integrin (3-L718P, -D723H and -T562N with or
without truncation at the C-terminal side of Y (del. 759).
RHOA cDNA, which encodes RhoA (RHOA) protein, was
amplified by PCR and its mutants (T19N and Q63L) were
generated by site-directed mutagenesis, followed by cloning
into p3xFLAG-CMV-10 vectors (Sigma—Aldrich). The ITGA2B
and ITGB3 expression vectors were simultaneously transfected
into CHO cells cultured in Ham’s F12 medium supplemented
with 10% fetal bovine serum at 37°C, in 5% CO,, using
Lipofectamine LTX reagent (Life Technologies) according to
the manufacturer’s instructions.

Immunofluorescent laser-scanning confocal microscopy

Cells grown on coverslips coated with 100 pg/ml fibrinogen
were fixed with 4% paraformaldehyde, followed by permeabi-
lization with phosphate-buffered saline containing 0-1%
Triton X100. After blocking, the cells were stained with
primary antibodies at appropriate dilutions, followed by
staining with Alexa488- or Cy3-conjugated secondary anti-
bodies together with Hoechst 33342. High-resolution immu-
nofluorescent images were taken under a laser-scanning
confocal microscopy (LSM5 Pascal, Carl Zeiss, Oberkochen,
Germany) using a x63 objective.

Flow cytometry

The expression and activation of integrin oIIb and B3 on the
platelet surface was indirectly estimated by flow cytometry
with the antibodies described above. Mean fluorescence inten-
sity (MFI) of values in an affected individual were divided by
those in an unrelated normal control and recorded as relative
MFI value (%). For the quantitative determination of alIbB3
molecules on the platelet surface, QIFIKIT (Dako, Glostrup,
Denmark) was used according to the manufacturer’s instruc-
tions. MFI of the calibration beads containing five populations
(antibody-binding capacity: 2600, 9900, 46 000, 221 000 and
741 000) were 16-12, 63-83, 262-84, 1483-2 and 3772-1, respec-
tively, whereas that of the negative control sample was 1-62.
Therefore, allbB3 molecules (copies/platelet) was calculated as
1001°022 > log(MED + 2:1679)_ 541 Activation of platelets and
CHO cells was estimated by methods previously described
(Shattil et al, 1987; Hughes et al, 1996). Activation index was
defined as (F—Fy) / (F—F,), where F is the MFI of PAC-1-
stained CHO cells transfected with olIbf3-L718P or allbp3-
D723H, and Fy and F are those transfected with ollbB3-WT
and olIbB3-T562N, respectively. The samples were analyzed
on a FACS Calibur (Becton Dickinson, Franklin Lakes, NJ,
USA), equipped with an argon laser operating at 488 nm.
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Exome sequencing

Genomic DNA was obtained from four affected individuals in
the pedigree and whole exome sequencing was performed.
Briefly, 3 pg genomic DNA was fragmented by Covaris S2
(Covaris, Woburn, MA, USA) and ligated to adaptors, followed
by hybridization to biotinylated RNA baits according to the
manufacturer’s instruction (Agilent Technologies, Santa Clara,
CA, USA). The generated sequence tags were sequenced by the
76 bp paired-end protocol of Mlumina GAIllx (Illumina,
San Diego, CA, USA) and mapped onto the human genomic
sequence (hgl8, UCSC Genome Browser) using the sequence
alignment program Eland (Illumina). Unmapped or redun-
dantly mapped sequences were removed from the data set, and
only uniquely mapped sequences were used for further analyses.
Positions relative to RefSeq genes were calculated based on the
respective genomic coordinates. Genomic coordinates of exons
and the protein-coding regions of the RefSeq transcripts

© 2012 Blackwell Publishing Ltd
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«Pratand (vl éﬁ 51
i¥
AL Bo 4/ ’\L.
il (0041 B3 {COBY
e E—
4 5 {min)

are as described in hgl8. To verify the presence of ITGB3
gene alteration, amplification and direct sequencing of a part
of exon 14 was performed with the following primers; 5'-C
ATAGCCAGTTCAAGTGACTCCTG-3" for forward primer
and 5-ACGATGGTACTGGCTGAACATGAC-3' for reverse
primer.

Results

Pedigree of a family with autosomal dominant
thrombocytopenia with anisocytosis

In the original patient, marked platelet anisocytosis was
observed in peripheral blood samples (Fig 1B). Platelet
aggregation induced by ADP (1-4 pumol/l) and collagen (0-5—
2 pg/ml) was markedly reduced (Fig. 1C and Table I), but
agglutination induced by ristocetin (1-25 mg/ml) was within
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the normal range (data not shown). Three affected individu-
als (iii.5, iv.1, and iv.2) showed abnormalities in platelet
function similar to those of the original patient. In these
affected individuals, the ollb and B3 expression levels, which
were indirectly estimated as relative MFI value (%), were
43-75% of a healthy control (Fig 1D and Table I). The num-
ber of alIbB3 molecules on the platelet surface in patients, as
evaluated by flow cytometry using QIFIKIT, was 35 000—
38 400 copies/platelet (MFI: 212-1 -232-4), whereas in an
unaffected individual of the pedigree (iii.1) and an unrelated
control, there were 65 200 and 62 100 copies/platelet (MFI:
389-2 and 371-3), respectively (Table I). The tendency to
bleed was mild to moderate, as exemplified by the following
episodes: when family member iv.1 received a bruise to the
face, treatment with recombinant Factor VIla was required
because of persistent epistaxis; also, family member iii.5 had
had to give birth by Caesarean section because of low platelet
count. The family pedigree (Fig 1A), which shows no evi-
dence of consanguineous marriage, strongly suggests the
inheritance of thrombocytopenia as an autosomal dominant
trait. The laboratory findings are shown in Table L.

Identification of the integrin 3 L718P mutation by
whole exome analysis

To isolate a candidate gene alteration responsible for the
thrombocytopenia, whole exome sequencing analysis was
performed using genomic DNA obtained from the patient
(iv.3), her sister and brother (iv.1 and iv.2) and a cousin
(iv4). A total of 794 non-synonymous gene alterations
among 1551 SNPs that are not registered in dbSNP 129/130
were detected in the patient. To isolate the responsible
gene, we selected non-synonymous gene alterations shared
by the four affected individuals as strong candidates.
Among the 90 alterations commonly found in the affected

Table 1. Laboratory data of seven individuals of the pedigree.

individuals of the pedigree (individual numbers of SNPs/
mutations are shown in Table II), we focused on the het-
erozygous non-synonymous T2231C alteration in exon 14
of the ITGB3 gene, which results in the substitution of leu-
cine at 718 for proline (L718P) in the integrin B3 protein.
We selected this because it was recently reported as a candi-
date mutation responsible for thrombocytopenia (Jayo et al,
2010). The presence of the mutation in six affected individ-
uals of the pedigree (iv.1, iv.2, iv.3, iv.4, iii.5 and iv.5) and
its absence in an unaffected individual (iii.1) and an unre-
lated control was confirmed by a direct-sequencing (Fig 2).
As far as we could determine, no other non-synonymous
gene alterations previously reported to cause thrombocyto-
penia or defective platelet function were present in the
affected individuals of the pedigree. In addition, the L718
residue in integrin B3 is well-conserved between species and
amino acid substitution in this position is predicted by bio-
informatic tools, including Polyphen and SIFT, to cause a
significant change in protein structure and function (data not
shown). These observations strongly suggest that the L718P
mutation in integrin 3 is the responsible gene alteration that
causes familial thrombocytopenia.

Constitutive but partial activation of the alIbf3 complex
by B3-L718P

To elucidate the effects of the integrin 3-L718P mutation
on the activation status of olIbB3 complexes in resting or
ADP-activated platelets, fresh platelets were analysed by flow
cytometry using PAC-1, a ligand-mimicking antibody that
specifically recognizes the activated form of the ofIbB3
complex (Shattil et al, 1987).

Resting control platelets from healthy individuals bound
PAC-1 with a similar affinity to those treated with RGDS, a
peptide which competitively inhibits the binding of ligands for

Relative
MEFI value
compared
to control Platelet aggregation
(%) allbB3 molecules (%)
Platelet
Age count ADP collagen
Patient Sex (years) (x10°/) MPV (1) PDW (%) odlb B3 MFI copies/platelet (4 pM) (2-0 pg/ml)
iii.1 F 37 210 10-2 121 110 111 389-2 65 200 NA NA
iii.5 F 34 38-67 8.5-11-3 10-0-19-0 43 75 NA NA 15 12
iv.1 F 11 30-43 7-8-11-2 9:7-16-3 52 62 232-4 38 400 16 8
iv.2 M 8 49-64 10-3-11-1 10-1-14-7 50 56 216-4 35 700 23 16
iv.3 F 6 49-72 9-8-10-9 11-1-13-3 50 60 212-1 35 000 12 8
iv.4 F 4 32-59 9:9-10-8 12:3-15-6 NA NA NA NA NA NA
iv.5 M 2 28--50 8:9-9-0 18-0-18-4 49 51 NA NA NA NA

MPV, mean platelet volume (normal range: 9-4-12-3 fl); PDW, platelet distribution width (normal range: 9-5-14-8 %); NA, not available.
olIb3 molecules (copies/platelet) were calculated as 100022 * W8MFD + 21679541 (see Materials and methods).
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Table II. Number of SNPs/mutations detected by whole exome
sequencing.

Case iv.1 iv.2 iv.3 iv.4
SNP 21 531 21697 20413 20113
Not in dbSNP 1674 1722 1473 1551
129 and 130
Non-synonymous alternations
Homozygous 62 58 65 42
Heterozygous 800 815 667 752
Non-synonymous (common) 90

oIIbB3 complex such as fibrinogen and PAC-1 (Fig 3A,
compare black and blue lines), indicating that wild-type
oIIb3 in resting platelets is not activated. In contrast, platelets
obtained from the affected individuals (iii.5, iv.1, iv.2 and iv.3)
showed a slight increase of PAC-1 binding compared to those
treated with RGDS (Fig 3A). Indeed, resting platelets from
affected individuals showed a slight but significant increase of
PAC-1 binding relative to healthy individuals (Fig 3A, top
panel). In addition, flow cytometric analysis using FITC-
conjugated fibrinogen also showed a significant increase of
fibrinogen binding potential in resting platelets from affected
individuals compared with healthy controls (bottom panel).
Because MPV (shown in Table I) did not exceed the normal
range (9-4-12-3 fl) and surface expression levels of allbp3
were lower in patients than controls (Fig 1D), it is proposed
that these observations indicate spontaneous activation of
oIIbB3-L718P in resting platelets.

ADP-activated platelets from healthy volunteers, on the
other hand, bound to PAC-1 with a very high affinity
(Fig 3B, red lines and 3B, top panel), as expected. In
contrast, only a small increase of affinity to PAC-1 was
observed in ADP-treated platelets carrying the B3-L718P
mutation, resulting in a marginal increase of binding poten-
tial (bottom panel). These findings suggest that ollbf3-
L718P is partially activated in the absence of inside-out
signals such as ADP, but nevertheless cannot be fully
activated in the presence of such signals.

To confirm the contribution of the integrin B3-L718P
mutation to spontaneous activation of allbf3, CHO cells
‘were transiently transfected with expression vectors encoding
integrin B3-WT, -L718P, -D723H or -T562N together with a
vector encoding allb-WT. Flow cytometric analysis (Fig 3C)
revealed that alIbB3-L718P expressed in CHO cells bound to
PAC-1 to the same degree as oIIbB3-D723H, a mutant previ-
ously reported to partially activate allbf3, and to a lesser
extent than a fully active olIbB3-T562N mutant (Kashiwagi
et al, 1999). We calculated the activation indices (see Materi-
als and methods) (Hughes et al, 1996; Schaffner-Reckinger er
al, 2009) of alIbB3-L718P and -D723H as 0-23 & 0-07 and
0-16 &+ 0-02, respectively, taking olIbB3-T562N as fully active
(=1-0) and oIIbP3-WT as inactive (=0) (Fig 3D). Because
CHO cells were not stimulated by ADP in this experiment,
each index represents allbf3 activation status at rest.

© 2012 Blackwell Publishing Ltd
British Journal of Haematology, 2013, 160, 521-529
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Fig 2. Direct sequencing analysis around T2231 in exon 14 of the
ITGB3 gene. Genomic DNA extracted from the affected and unaf-
fected individuals of the pedigree were amplified by polymerase
chain reaction and sequenced. Arrows indicate the position of the
T2231 mutation in the ITGB3 gene.
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Fig 3. Functional analysis of integrin B3-L718P mutation. (A) Spontaneous binding of PAC-1 antibody to platelets obtained from affected indi-
viduals of the pedigree. Non-activated platelets (within 10 min after blood collection), incubated with or without 1 mM RGDS, were stained with
FITC-conjugated PAC-1 antibody. After fixation, binding of PAC-1 to platelets was analysed by flow cytometry. Activation status of oIIbB3 com-
plex on resting platelets bound to FITC-PAC-1 (top) and FITC-fibrinogen (bottom). Mean fluorescence intensity (MFI) ratio was estimated by
dividing the MFI of resting platelets by that of resting platelets incubated with RGDS. (B) Reduced activation of ollbp3 from affected individuals.
The resting and ADP-stimulated platelets, stained with FITC-conjugated PAC-1 antibody were analysed by flow cytometry. Activation status of
alIbP3 on stimulated platelets bound to FITC-PAC-1 (top) and FITC-fibrinogen (bottom). Values were estimated by dividing the MFI of platelets
stimulated with ADP by those of resting platelets. (C) Partial activation of allbB3-L718P and -D723H on CHO cells. CHO cells transfected with
olIbP3 expression vectors (B3-WT, -L718P, -D723H and -T562N) were seeded on 100 pg/ml fibrinogen-coated coverslips in 6-well dishes. The
cells, treated with or without RGDS, were stained with FITC-conjugated PAC-1 antibody and PerCP-conjugated anti-CD61 antibody and analysed
by flow cytometry. (D) Activation index of alIbB3 mutants. Activation status of CHO cells expressing oIIbB3-L718P and -D723H was compared
with that of alIbB3-T562N as described in the “Materials and methods”.
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Fig 4. Overexpression of RhoA mutants or
integrin B3-L718P (del. 759) modulates the
formation of proplatelet-like cell protrusions in
CHO cells. (A) Changes in CHO cell morphol-
ogy by alIbf3 mutants. CHO cells transfected

with olIbf3-L718P, -T562N and -D723H were
seeded on fibrinogen-coated coverslips. After
an 8-h incubation, the cells were fixed and
stained with anti-CD41 and -CD61 antibodies
followed by staining with Cy3- and Alexa
488-conjugated secondary antibodies. Mock-
transfected cells were stained with Alexa
488-conjugated phalloidin and Hoechst 33342.
(B) Inhibition of proplatelet-like protrusion
formation by constitutively-active RhoA. An

(B)

L748P+ Rho (O83L)

W+ Rbso (263L)

expression vector that encodes FLAG-tagged
RhoA (Q63L) was transfected together with
olIbB3-L718P or -WT expressing vectors into
CHO cells. The cells grown on fibrinogen-
coated coverslips were fixed and stained with
anti-CD41 and anti-DDDDK-tag antibodies
followed by staining with Alexa 488- and
Cy3-conjugated secondary antibodies. (C)
C-terminal deletion of B3-L718P inhibits the
formation of proplatelet-like protrusions.

(©)

LT18P (el 759}

WT (del 750}

(D)

C-terminal deleted integrin B3-L718P or -WT
(del. 759) was expressed together with ollb in
CHO cells. The cells were fixed and stained
with anti-CD41 antibody followed by staining
with Cy3-conjugated secondary antibody and
Alexa-488-labeled phalloidin. (D) A dominant-
negative (T19N) form of RhoA was overexpres-
sed in CHO cells. Images were taken as in (B).

Involvement of RhoA signalling in proplatelet-like
protrusion formation

As previously reported by others (Ghevaert et al, 2008; Jayo
et al, 2010), CHO cells expressing olIbB3-L718P, as well as
allbB D723H, formed long proplatelet-like protrusions on
fibrinogen-coated dishes that were not observed in cells
expressing wild-type oIIbB3 (Fig 4A). In contrast, although
cells expressing olIbB3-T562N, which yields a fully activated
conformation (Kashiwagi et al, 1999), changed from their
original round shape surrounded by a broad protrusion
(Fig 4A, mock-transfected) to rhomboid-like cell morphol-
ogy, proplatelet-like protrusions were rarely seen (Fig 4A).

© 2012 Blackwell Publishing Ltd
British Journal of Haematology, 2013, 160, 521-529
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This suggests that mutants partially activating the integrin
complex induce long proplatelet-like protrusions.

Recently, it was reported that the formation of proplat-
elet-like protrusions in CHO cells is mediated by the
downregulation of RhoA activity (Chang et al, 2007; Schaff-
ner-Reckinger et al, 2009), which is initiated by the binding
of c¢-Src to the C-terminal tail (amino acid 760-762,
Arg-Gln-Thr; RGT) of integrin B3 (Flevaris et al, 2007). We
found that the formation of long cell protrusions was inhib-
ited when a constitutively-active form of RhoA (Q63L) was
introduced into olIbB3-L718P-expressing cells (Fig 4B).
In addition, CHO cells expressing olIbB3-L718P (del. 759)
mutant, which lacks the C-terminal c-Src binding site of in-
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tegrin B3 (RGT), did not form any proplatelet-like protru-
sions (Fig 4C). Given that enforced activation of RhoA
caused by introducing RhoA (Q63L), as well as de-repression
of RhoA through C-terminal deletion of §3 in cells express-
ing ollbB3-WT, did not induce morphological changes in
CHO cells (Figs 4B, C), it is proposed that constitutive inhi-
bition but not activation through the c-terminal of B3 is
responsible for the formation of abnormal cell protrusions in
L718 mutants. However, as the enforced expression of a
dominant negative form of RhoA (TI9N) in odIbB3-WT
expressing cells did not result in typical proplatelet-like pro-
trusions (Fig 4D), this suggests that downregulation of RhoA
was required but not sufficient for the formation of proplat-
elet-like protrusions induced by integrin f3-L718P.

Discussion

We report a pedigree with individuals suffering from a
lifelong haemorrhagic syndrome, all of whom were carrying
the integrin P3-L718P mutation. This had previously been
reported only in a sporadic patient (Jayo et al, 2010).
Next-generation sequencing, together with the clinical data
of the patients, established that this integrin P3-L718P
mutation causes thrombocytopenia resembling the disease
caused by a different integrin mutation, PB3-D723H,
although the size of the platelets seems to differ somewhat
between these mutations (Ghevaert et al, 2008; Schaffner-
Reckinger et al, 2009).

Considering the dominant inheritance pattern of the
haemorrhagic tendency caused by integrin 3-L718P as well
as B3-D723H, these would be gain of function mutations,
unlike those causing Glanzmann thrombasthenia. Indeed,
expression of integrin B3-D723H partially activates the
allbB3 complex, resulting in downregulation of RhoA activ-
ity and induction of microtubule-dependent proplatelet-
like cell protrusions considered relevant for production of
macrothrombocytes (Ghevaert et al, 2008; Schaffner-Reckin-
ger et al, 2009). Integrin B3-L718P appears to act in a similar
fashion (Fig 4A and B). Interestingly, we demonstrate that
the three C-terminal amino acid residues (RGT) of integrin
B3 are required for L718P to form proplatelet-like cell
protrusions (Fig 4C). RGT provides a binding site for ¢-Src
tyrosine kinase, which was shown to inactivate RhoA
(Flevaris et al, 2007), further supporting the hypothesis that

integrin B3-L718P plays a role in causing megakaryocytes to
produce abnormal platelets through the inhibition of RhoA.

In platelets derived from megakaryocytes that carry the
integrin B3-L718P mutation, full activation of olIbf3 com-
plex in response to inside-out stimuli is inhibited, as shown
by reduced binding of PAC-1 and fibrinogen on stimulation
with ADP (Fig 3B). A simple scenario is that, in platelets,
integrin B3-L718P acts as a loss of function mutation. How-
ever, given that the carriers of Glanzmann’s thrombasthenia
who have both normal and mutant allele and express
reduced amounts of the olIbB3 complex, in general show
normal platelet aggregation, it is possible that the integrin
3-L718P mutation gains a function that ultimately results in
the reduction of inside-out signals.

In summary, identification of a pedigree showing autoso-
mal dominant inheritance leads to a model whereby the
integrin $3-L718P mutation contributes to thrombocytopenia
accompanied by anisocytosis most likely through gain-
of-function mechanisms. Further investigations are necessary
to fully elucidate these mechanisms by which this mutation
exerts its abnormal effect on thrombocytosis and platelet
aggregation.
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LETTER TO THE EDITOR

Recipient seropositivity for adenovirus type 11 (AdV11) is a
highly predictive factor for the development of AdV11-induced
hemorrhagic cystitis after allogeneic hematopoietic SCT

Bone Marrow Transplantation (2013) 48, 737-739; doi:10.1038/  Japan,'? it is important to assess the risk of AdV-HC and to make a

bmt.2012.206; published online 29 October 2012 rapid diagnosis of HC for early intervention.
Sixty-nine patients who underwent the first allogeneic HSCT

between April 2005 and December 2006 were enrolled before the

Late-onset hemorrhagic cystitis (HC) is one of the most trouble- start of preparative conditioning. Standard urinalysis was performed
some complications in patients undergoing allogeneic hemato- at least once a week from 2 weeks before HSCT up to 3 months post
poietic SCT (HSCT). As adenovirus serotype 11 (AdV11) with HSCT and at the outpatient clinic every 2 or 4 weeks thereafter
striking tropism for the urinary system is a pathogen predomi- until 1 year post HSCT. In this study, late-onset HC was defined

nantly responsible for late-onset HC after allogeneic HSCT in as HC that occurred 10 days after completion of the preparative
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Figure 1. Cumulative incidence and viral loads of late-onset HC after allogeneic HSCT. (a) Cumulative incidence of late-onset HC and AdV-HC.
In the Kaplan—-Meyer curves, death without incidence of HC was defined as a competing event. The cumulative incidence of late-onset HC
(solid line) over intervals from the start of allogeneic HSCT to the first day of hematuria was 23%, with a median interval after HSCT of 53 days
(range: 24-139 days). The cumulative incidence of AdV-HC (dashed line) was 11%, with a median interval after HSCT of 53 days (range: 24-78
days). (b) Comparison of urinary and serum AdY loads among patients with HC from whom AdV was isolated by viral culture (AdV-HC),
patients with HC from whom AdVY was not isolated by viral culture (non-AdV-HC), and patients without HC (no HQ). (g) Comparison of urmarg
and serum BKV loads among AdV-HC, non-AdV-HC and no HC group. The detection limit of the assay for both serum and urine was 1.0 X 10
copies/mL. To determine the significance of differences between two independent groups, the Mann-Whitney U-test was used. Only P-values
showing statistical differences are presented. (d-f) Comparison of cumulative incidence of AdV-HC between qualitative PCR and quantitative
PCR. The Kaplan-Meyer curves were compared using the log-rank test. {d) The cumulative incidence was 12.4% in patients with sera
positive for AdV (solid line) and 9.9% in patients with sera negative for AdV (dashed line) according to the qualitative PCR. (e) The cumulative
incidence was 20.8% in patients with urine positive for AdV (solid line) and 0% in pat:ents with urine negative for AdV (dashed line) according
to the qualltatlve PCR. (f) The cumulative mcndence was 87.5% in patients with 1.0 x 10° copies/mL or higher of urine AdV loads (solid line)
and 0% in patients with less than 1.0 x 10° copies/mL (dashed line) of urine AdV loads according to the quantitative PCR.
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treatment. According to the published criteria® we recorded
grade 2 or higher HC as a clinically important complication in
HSCT patients and performed viral cultures of their urine. As
Akiyama et al.? reported that the viral culture is equivalent to PCR
for diagnosis of AdV-HC, we classified HC into AdV-HC and non-
AdV-HC based on the culture results. Among 69 subjects, 15
patients developed late-onset HC during the 1-year follow-up
period (Figure 1a). Twenty-eight (40.6%) of 69 patients developed

moderate or severe acute GVHD. Thirty-six patients (52.2%) were
treated with corticosteroids for post-transplant complications such
as engraftment syndrome and acute GVHD. The occurrence of
acute GVHD was strongly associated with the incidence of HC
according to the y*test (P<0.001). Patients treated with
corticosteroids developed HC more often than those not treated
with corticosteroids, although this trend did not reach statistical
significance (P = 0.064). AdVs were cultured from the urine of 7 of

Table 1.  Analysis of pre-transplant risk factors for development of late-onset HC: (a) univariate analysis (b) multivariate analysis
Variable Number of patients (n==69) Number of patients with HC (AdV-HC) P
Univariate analysis®
Age®
>16 years 27 9 (5) 0.061
<16 years 42 6 (2)
Sex
Male 45 12 (5) 0.174
Female 24 3(2)
Disease status®
Advanced (non-CR) 27 8 (4) 0.203
Stable (CR or non-malignant) 42 7 (3)
AdV11 serostatus of recipients®
Positive 11 6 (6) 0.009
Negative 54 8 (1)
Donor type®
2- or 3-Ag mmRel or unrelated 48 13 (6) 0.104
Matched or 1-Ag mmRel 21 2{1
Conditioning regimen®
3-12Gy TBI-containing 56 11 (5) 0.458
No TBI 15 4(2)
Bu-containing 13 6 (2) 0.028
No Bu 56 9 (5)
Cy-containing 46 8 (3) 0.216
No Cy 23 7 (4
Mel-containing 14 3(2) 1.000
No Mel 55 12 (5)
Flu-containing 31 7 (4) 0.878
No Flu 38 8 (3)
ATG/ALG-containing 8 2(1 1.000
No ATG/ALG 61 13 (6)
GVHD prophylaxis
FK-+ MTX & mPSL 50 10 (4) 0.745
CsA = MTX 19 5(3)
Variables Unfavorable factors Multivariate analysis
Hazard ratio (95% Cl) P
Multivariate analysis’
AdV11 antibody Seropositive 7.87 (2.54 —24.4) <0.001
Sex Male 4.54 (0.99 — 20.8) 0.051
Bu-containing Used as conditioning 2.87 (0.84-8.77) 0.064
Donor type 2 or 3-Ag mmRel or unrelated e 0.350
Age =16 years — 0.825
Abbreviations: AdV11, adenovirus serotype 11; ATG/ALG, anti-thymocyte/lymphocyte globulin; Cl, confidence interval; FK, tacrolimus; Flu, fludarabine; HC,
hemorrhagic cystitis; Mel, melphalan; mPSL, methylprednisolone; mmRel, mismatched relative. “Parameters from the patients’ pre-transplant information were
analyzed with the y*test or Fisher’s exact test. Statistical significance was defined as P<0.05. ®Sixty patients had hematologic malignancies, four aplastic
anemia, two primary immunodeficiencies and three metabolic disorders. “AdV11 serostatus was determined by a neutralizing antibody test using patient sera
obtained before the start of preparative treatment. A result of 1:4 or higher was considered positive. Not tested in four recipients. 9Sixteen patients underwent
transplants from HLA-matched relatives, five from singe-antigen mismathced and eight from two- or three-mismatced relatives. Forty patients received grafts
from unrelated donors (bone marrow in 30 and cord blood in 10). *The conditioning regimen was TBI + CY * others in 40 patients, TBI-- Mel = others in 9
patients,TBI + Bu + others in 7 patients. Bu - CY + others in 3 patients, Bu -+ Flu £ others in 3 patients, non-TBI-non-Bu in 7 patients. ‘Parameters for which
P<0.2 in the univariate analysis of pre-transplant information were applied to Cox regression model. Statistical significance was defined as P <0.05.
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15 patients with late-onset HC and all strains were identified as
AdV11. To examine the relationship between viral load and
development of late-onset HC in patients undergoing allogeneic
HSCT, we performed quantitative PCR for AdV and BK virus (BKV)
in all serum and urine samples collected every 1 to 2 weeks after
HSCT upto 180 days after HSCT. Primers and probe for
identification of all serotypes of AdV and those for identification
of BKV were designed, based on the reports described pre-
viously.*® As presented in Figure 1b, the urine AdV loads at the
onset of HC in the 7 patients with AdV-HC were markedly higher
than the maximum values in the 8 patients with non-AdV-HC or
the 54 patients without HC. There was no significant difference in
the serum AdV loads among the AdV-HC, non-AdV-HC and no HC
group. Lion et al® presented the data that the incidence of AdV
viremia in patients with AdV at above 1 x 10° copies/g of stool
was significantly higher than in those with AdV levels in
stool specimens below this threshold, suggesting that increase
of stool AdV load predicts viremia. Accordingly, we investigated
the data set for urine and blood. Among seven AdV-HC patients,
four patients with AdV viremia (1.1 x 10° to 3.3 x 10* copies/mL)
had 1.8 x 10° to 3.3 x 10® copies/mL of urine AdV loads, whereas
3 patients with no AdV viremia had 2.0 x 107 to 2.8 x 10° copies/
mL of urine AdV loads. The cumulative incidence of AdV-HC
was substantially different between qualitative PCR and
quantitative PCR (Figures 1d-f). In particular, when AdV at
1.0x 10° or higher copies/mL was detected in the urine,
AdV-HC was diagnosed with 100% sensitivity, 98% specificity,
88% positive predictive value and 100% negative predictive value.
On the other hand, qualitative PCR in wurine samples
displayed 100% sensitivity, 52% specificity, 19% positive
predictive value, and 100% negative predictive value. Serial
analyses in four of seven patients who developed AdV-HC
revealed that adenoviruria reached >1.0x 10* copies/mL 1-2
weeks before the onset of HC. Accordingly, quantification of the
urine AdV load may be more useful for diagnosing AdV-HC than
qualitative PCR positivity.

As seven of eight non-AdV-HC patients had significant high
urine BKV load between 43 x10° and 1.7 x10'C copies/mL
(Figure 1c¢), most of the non-AdV-HC was considered to be BKV-
associated HC. Among seven AdV-HC patients, three patients had
concomitant BKV infections because of over a diagnostic viral load
in urine (4.2 x 107 to 7.2 x 10° copies/mL) according to the criteria
described by Cesarc et al.” The serum BKV load did not influence
the development of HC. Therefore, BKV might be an alternative
main cause of HC in Japan.

To identify factors predictive of the occurrence of late-onset HC,
we first performed univariate analysis of the patients’ pre-
transplant information (Table 1a). Five factors (age, sex, recipient
AdV11 serostatus, type of donor and conditioning regimen with or
without Bu) showed P<0.2. Multivariate analysis revealed that
recipient AdV11-seropositivity was the only significant risk factor
(Table 1b).

HSCT-related AdV-HC is more frequent in Japan than in other
countries (0-4%).>7® Several retrospective Japanese studies have
reported risk factors including acute GVHD and chronic
GVHD.'??1% The influence of seropositivity for AdV was
controversial."*%1% In this study, we used a neutralizing
antibody test to detect anti-AdV11 antibodies because this test
is serotype-specific and can detect IgG antibodies for longer
period after primary infection than can the complement fixation
test. This prospective study revealed that the cumulative
incidence of AdV-HC was 64% in the seropositive patients, but
only 2% in the seronegative patients (log-rank test, £<0.001).
Accordingly, recipient AdV11 serostatus is suggested to be the
sole predictor of late-onset HC in Japanese allogeneic HSCT
patients. Therefore, patients seropositive for AdV11 may be
candidates for prophylactic anti-AdV treatment. It is likely that

© 2013 Macmillan Publishers Limited
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AdV-HC occurs in approximately 90% of allogeneic HSCT patients
when the urine AdV load reached 1.0 x 10° copies/mL or more.
Taken together with the finding of the time-course study,
preemptive treatment may be recommended to begin when the
urine AdV load reaches 1.0 x 10* copies/mL or higher.
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MYELOID NEOPLASIA

Clonal selection in xenografted TAM recapitulates the evolutionary
process of myeloid leukemia in Down syndrome
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Transient abnormal myelopoiesis (TAM) is a clonal preleukemic disorder that
progresses to myeloid leukemia of Down syndrome (ML-DS) through the accumu-
lation of genetic alterations. To investigate the mechanism of leukemogenesis in this
disorder, a xenograft model of TAM was established using NOD/Shi-scid, interleukin
(IL)-2Ry™" mice. Serial engraftment after transplantation of cells from a TAM patient
who developed ML-DS a year later demonstrated their self-renewal capacity. A
GATA1 mutation and no copy number alterations (CNAs) were detected in the primary
patient sample by conventional genomic sequencing and CNA profiling. However,
in serial transplantations, engrafted TAM-derived cells showed the emergence of
divergent subclones with another GATA7 mutation and various CNAs, including
a 16q deletion and 1q gain, which are clinically associated with ML-DS. Detailed
genomic analysis identified minor subclones with a 16q deletion or this distinct
GATA1mutation in the primary patient sample. These results suggest that genetically
heterogeneous subclones with varying leukemia-initiating potential already exist in
the neonatal TAM phase, and ML-DS may develop from a pool of such minor clones
through clonal selection. Our xenograft model of TAM may provide unique insight into the evolutionary process of leukemia.

e Genetically heterogeneous
subclones with varying
leukemia-initiating potential
exist in neonatal transient
abnormal myelopoiesis.

e This novel xenograft model
of transient abnormal
myelopoiesis may provide
unique ‘insight into the
evolutionary process of
leukemia.

(Blood. 2013;121(21):4377-4387)

Introduction

Neonates with Down syndrome (DS) are at high risk of developing
a unique hematologic disorder referred to as transient abnormal
myelopoiesis (TAM), transient myeloproliferative disorder, or tran-
sient leukemia. In most cases, TAM resolves spontaneously within
3 months."> However, after spontaneous remission, 20% of TAM
patients develop myelodysplastic syndrome and acute megakaryo-
cytic leukemia referred to as myeloid leukemia of DS (ML-DS)
within 4 years.>* Blast cells in most patients with TAM and
ML-DS have mutations in exon 2 of the gene coding for the
transcription factor GATA1,>® which is essential for the normal
development of erythroid and megakaryocytic cells.”'® Although
blast cells in most TAM and ML-DS patients share the identical
GATA] mutation, recurrent additional cytogenetic abnormalities
are commonly observed during disease progression. 12 In
fact, a ML-DS case derived from a minor clone with a distinct
GATAI mutation in the TAM phase was previously reported by our
group.'® These clinical findings suggest that although most TAM

cells disappear in the early neonatal phase, a few clones persist
during apparent remission to develop ML-DS later. Because only
one fifth of TAM cases progress to ML-DS, additional genetic
events besides GATA] mutation are likely to be involved in the
progression of TAM to ML-DS."* As mentioned above, the devel-
opment of ML-DS is significantly correlated with karyotypic
abnormalities such as duplication (dup)(lq), deletion (del)(6q),
del(7p), dup(7q), +8. +11, and del(16g),>'""'* which are rarely
observed in the TAM phase. These clinical findings have led many
physicians to consider TAM as preleukemia and the progression of
TAM to ML-DS as an attractive model to investigate multistep
leukemogenesis.

Animal models have contributed to our understanding of the
pathogenesis of TAM/ML-DS and other leukemias.'>*! Mice models
in which primary human leukemic cells were transplanted into
immunodeficient hosts provided significant clues to advance our
understanding of the pathogenesis of human leukemia.'®** However,
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xenograft models of primary patient samples from the preleukemic
phase have been rarely reported, and the TAM xenograft model
would be an attractive method to investigate leukemogenesis.

We previously described the development of novel immuno-
deficient NOD/Shi-scid, interleukin (IL)-2Ry™!' (NOG) mice with
a superior capacity for the engraftment of human hematopoietic and
neoplastic cells.?>2% In contrast to a previous study in which TAM
cells showed a limited ability to expand in immunodeficient mice,*’
we established a xenograft model where TAM cells were trans-
planted into NOG mice to recapitulate the pathophysiology of TAM/
ML-DS. This xenograft model in combination with high-throughput
genomic technology was used to show that genetically heteroge-
neous minor subclones with leukemia-initiating potential already
exist in the neonatal TAM phase and could serve as initiating
clones evolving to ML-DS in a patient. Our TAM xenograft model
may be of value to gain insight into the evolutionary process of
leukemia.

Materials and methods

Patients and sample collection

Peripheral blood (PB) samples were obtained from patients diagnosed with
TAM associated with DS in acute and complete remission phases. Mono-
nuclear cells were separated by Ficoll-Hypaque (Pharmacia, Uppsala, Sweden)
density gradient centrifugation, as previously described.” Informed consent
was obtained from the patients’ parents in accordance with the Declaration of
Helsinki, and the research was approved by the institutional ethics committee
of Kyoto University Hospital.

Mice

NOG mice were developed at the Central Institute of Experimental Animals
(Kawasaki, Japan) as previously described®® and were maintained in our
pathogen-free facility and cared for in accordance with the institutional
guidelines for animal welfare.

Primary and serial xenogeneic transplantation into NOG mice

Xenotransplantation and analysis of TAM cells were performed using a
previously reported method with some modifications.®® In brief, PB
mononuclear cells (PBMCs) obtained from TAM patients (1-3 X 10°
cells) were injected into 2.4 Gy-irradiated 8- to 12-week-old NOG mice
through the tail vein. To screen for the proliferation of TAM-derived cells,
bone marrow (BM) cells were aspirated from the tibia every 4 weeks. En-
graftment was defined as >1% of cells staining positive for human CD7
(hCD7), hCD33, hCD41a, hCD45, and hCD117 at 12 weeks after trans-
plantation. For serial transplantation, recipient BM cells were collected 12
to 18 weeks after transplantation; the equivalent of 1 X 10° hCD45™ cells
was intravenously transplanted into new mice. For a detailed determination
of chromosomal and genetic alterations in TAM-derived cells, serial
transplantation experiments using preserved PBMC samples were
performed.

Flow cytometric analysis of transplanted TAM-derived cells

For analysis of TAM-derived cells in murine BM, mice were euthanized,
and the BM was removed and mechanically dispersed. Mononuclear cells
were purified from the BM and stained with antibodies. Dead cells were
excluded according to 4',6-diamidino-2-phenylindole staining. Blast cells
were identified by classical CD45/SSC blast gating.?® See supplemental
Methods on the Blood Web site for details.

Human cell sorting

Human cell isolation was performed according to a previously described
method with some modifications.”>** See supplemental Methods for details.

BLOOD, 23 MAY 2013 - VOLUME 121, NUMBER 21

Colony assay

Leukemic colony formation was assessed according to a previously de-
scribed method with some modifications.>® See supplemental Methods for
details.

GATA1 genomic sequencing analysis

The GATAI gene was amplified using polymerase chain reaction (PCR) as
previously described® and sequenced by an ABI 3130x] Genetic analyzer
(Applied Biosystems, Foster City, CA).

DNA copy number analysis

DNA copy number analysis was performed using GeneChip Human Mapping
250K Nsp arrays (Affymetrix, Inc., Santa Clara, CA) according to the manu-
facturer’s standard protocols. Genomic copy numbers including allele-specific
copy numbers were calculated using CNAG/AsCNAR software (http://
www.genome.umin.jp), and genomic DNA obtained from PB of patients
in the remission phase was used as a control. Copy number abnormalities
and other allelic imbalances were detected using a hidden Marcov
model-based algorithm.

Statistical analysis

Data are presented as the mean * standard deviation. The 2-sided P value
was determined by testing the null hypothesis that the 2 population medians
are equal. P values <0.05 were considered to be significant.

Results
Establishment of a TAM xenograft model using NOG mice

To determine whether NOG mice provide a TAM xenograft model,
Ficoll-purified PB samples from 11 TAM patients were trans-
planted into irradiated NOG mice. Patient characteristics are
shown in Table 1. Patients’ ages at sample collection, percentage
of blast cells, number of cells injected, and number of engrafted
recipients for each PB sample are shown in supplemental Table 1.
Of 11 patient samples, 3 (patients 1, 2, and 9) were engrafted
successfully in the recipient mice. Engraftment was maintained
=12 weeks in all cases (Figure 1A). The spleen and liver of the
recipients were also infiltrated with hCD45™ blast cells (data not
shown). These TAM-derived cells were morphologically similar
to the primary TAM cells obtained from the patients (Figure 1B).
Flow cytometric analysis of surface antigens detected the ex-
pression of CD117, CD34, CD33, and CD41a on hCD457 cells,
which was consistent with the pattern observed in primary cells
of TAM patients (Figure 1C). The presence of the same GATA!
mutation was confirmed in the primary TAM cells and the
engrafted cells in NOG mice (Figure 1D; supplemental Table 1).
Chromosomal analysis of engrafted cells showed no abnormal-
ities other than trisomy 21 (Figure 1E). These TAM-derived
cells were detectable in the recipient’s BM for >24 weeks (data
not shown).

NOG mice can support self-renewal of TAM-derived cells

To examine the self-renewal capacity of TAM-derived cells, we
performed serial transplantation of engrafted cells in the BM of
recipient mice. Only the TAM-derived cells from patient 1 were
successfully engrafted into the secondary (2°) and tertiary (3°)
recipients. The morphology and surface antigen expression of these
engrafted cells remained unchanged throughout the serial trans-
plantation (Figure 2A-B). Interestingly, the TAM-derived cells
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Table 1. Clinical characteristics of 11 TAM patients

Onset of

Treatment

Cytogenetics
International System for Human

PB at diagnosis of TAM

WBC, x10%

Weight

Period of
gestation,

Follow-up

Clinical ML-DS
{m of age)

outcome

Low-dose

Exchange

Pit, x10%

Hb,
gldL

Blast,

at birth,

Patient

Ara-C

transfusion

GATAT mutation

Cytogenetic Nomenclature (2009)

[
oy

»l
159

Gender

interval

 ¢38.39delAG
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 Yes

No

c.49C>T

¢:59_174del116

e

a7 XX H21

9.1

91

© 3050

36

47,XY,+21

17
14
14
10

No
o
No
o

Alive
Alive
Alive
Alive

P 99020 0B o888
szzzzgzLLd

No
N
No
No
No
Yes
Yes
No
Yes
Yes

¢.163_169del

c.37G>T
N/A
¢.186C>G

c.35C>G
¢.19_20insCCTGA

c.-19-62_-5delinsA

c.-19-1G>A, ¢.1A>G

20
20
19
20
20
20
20
20
20

47,XX,+21
47 XY, +21
47, XY,+21
47 XX, +21
47 XY, +21
47 XY, +21
47 XY, +21
47 XY, +21
47 XX, +21

80
304
50
258
291
26
17
156
73
178

19.0
15.1
17.0
20.7
20.9
13.6
19.2
20.2
12.2
14.3

24
48
12
87
80

65
37
65
84
90

45.0
40.3
15.6
60.9
13

1868
3102
2780

39 3052
2050
2694 28
2070 174
3380 56.2
2131 9
2032 254

3
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5
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Brackets under International System for Human Cytogenetic Nomenclature indicate the number of analyzed cells in metaphase.

Ara-C, cytosine arabinoside; DOD, died of disease; Hb, hemoglobin; N/A, not assessed; Plt, platelet; WBC, white blood cell.
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expanded rapidly in the 3° recipients (Figure 2C). The colony-forming
ability of the engrafted cells also increased in subsequent
generations (Figure 2D). These cells could be grown by serial
transplantation for >1 year and =8° recipients, indicating that
some TAM clones had long-term self-renewal capacity, a charac-
teristic of leukemia. Indeed, patient 1 developed ML-DS at the age
of 1 year, whereas the other patients did not (Table 1).

TAM-NOG xenograft model recapitulates leukemic evolution
from TAM

Additional chromosomal alterations are frequently observed in
ML-DS in comparison with TAM, suggesting that these alterations
in genomic structure could be related to the evolution of ML-DS from
TAM.2'"'? Therefore, we first investigated whether the serially
engrafted TAM-derived cells (from patient 1) had DNA copy number
alterations (CNAs) using Affymetrix GeneChip Mapping 250K
arrays. Primary samples from patient 1 had no CNAs other than the
gain of chromosome 21. However, the TAM-derived cells in the
1° recipients showed heterozygous deletion of 16¢22 and 16q24
(Figure 3). To determine whether these deletions were present in the
same cell, we calculated the signal intensities of each deletion using
array data. Nearly 100% of TAM-derived cells harbored each deletion,
indicating that these 2 deletions exist in a single TAM-derived cell.
Although 2° recipients showed the same CNAs, 3° recipients showed
additional CNAs, namely the gain of the entire chromosome 1q
(Figure 3; supplemental Figure 1A). Interestingly, the 1q gain was not
detected in the 4° to 7° recipients, whereas deletions of 16q22 and
16924 were present (Figure 3). In this series of transplantations, the
original GATA! mutation found in the primary patient sample (patient
1) remained unchanged (supplemental Figure 1B).

Gain of 1q and deletions in 16q are recurrent chromosomal
abnormalities in ML-DS.''*3! The result of G-band karyotyping
of TAM-derived cells in 3° recipients was 47,XX,+1, der (1;15)
(q10;q10),+21 in 20/20 metaphase cells (supplemental Figure 1C),
confirming genomic structural change, which is a hallmark of ML-
DS. These data suggest that leukemic evolution of TAM-derived
cells was observed in our NOG mouse model.

Genetically heterogeneous subclones with varying
repopulating capacity expanded in the TAM-NOG
xenograft model

To examine the kinetics of the leukemic evolution of TAM
cells, another 2 sets of serial transplantations were performed
using the preserved patient 1 sample (Figure 4A). Four of 5
mice in the second group (m2-1-m2-5) and 5 of 11 mice in the
third group (m3-1-m3-11) harbored TAM cells from the patient.
Of the total of 9 engrafted mice, 2 had the same CNAs detected
in the first series of serial transplantations: deletion of 16922
and 1624 (m3-5 and m3-8; Figure 3). Moreover, 2 combina-
tions of new CNAs were detected in the 1° recipients: deletion
of 9922 +12p12 (m3-4 and m3-7) and gain of 1gq25.2-1q44
(m3-11). No CNAs other than the gain of chromosome 21 were
detected in the other recipients (m2-1, m2-2, m2-4, and m2-5).

Each 1° engrafted mouse was subjected to 2° transplantation, and
5 of 9 series (m2-5, m3-4, m3-7, m3-8, and m3-11) successfully gave
rise to the xenografts in the 2° recipients. It is noteworthy that the
TAM-derived cells of the 2° recipients in 2 of the 3 analyzed series
(m2-5 and m3-4) acquired additional CNAs, whereas the CNAs
in 2 descendent 2° recipients of m3-8 remained unchanged. The
additional CNA of gain of 1q was detected in the 2° recipients of
m3-4, similar to that observed in the 3° recipient in Figure 3. Although
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Figure 1. TAM cells engrafted in NOG mice. (A) Proportion of human CD45" cells in the BM of NOG mice at 4, 8, and 12 weeks after transplantation (n = 3-5 per group).
(B) May-Giemsa staining of the BM smear of patients and cytospin preparation of human CD45" cells in the recipient NOG mice. Blast cells with cytoplasmic blebbing
consistent with megakaryocytic differentiation were present in the BM of recipient mice. (C) Surface marker analysis of engrafted TAM cells. Human CD45" TAM-derived cells
expressing hCD117, hCD34, hCD33, and hCD41a are detected in the recipient’s BM. Blast cells were identified by CD45/SSC gating, and debris (low forward scatter) and
dead cells (4',6-diamidino-2-phenylindole positive) were excluded from the analysis. A representative result of >3 experiments is shown. (D) Genomic direct sequencing
shows the presence of concordant GATAT mutation in xenograft and original patients (1 and 2). (E) G-band karyotyping of TAM-derived cells in recipient murine BM shows no
additionai chromosome abnormality apart from constitutional trisomy 21, consistent with the findings in the original patients. The GATA1 mutation and the karyotype of
engrafted cells from patient 9 were not assessed because of a low cell number.

1q (3° in Figures 3 and 4A; supplemental Figure 2). In m2-5,
a deletion of 3q24 appeared in the 2° and 3° recipients. These
results demonstrated that TAM cells derived from patient 1

gain of 1q was recurrently observed in this series, the duplicated
regions were diverse: 1q25.2-1q44 (1°, m3-11), 1q21.3-1g44 (2°,
m3-4), 1q31.2-1q44 (2°, m3-4), and the whole arm of chromosome
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Figure 2. The NOG mouse model can support self-renewal of TAM-derived celis. (A) May-Giemsa staining of TAM-derived cells in recipients of patient 1. (B) Surface
marker analysis of TAM-derived cells in recipients by flow cytometry. Viable cells were gated according to their forward scatter (FSC) and 4’,6-diamidino-2-phenylindole
staining, blast cells were identified by CD45/SSC gating, and hCD45 " -gated cells were tested for the expression of hCD117, hCD34, hCD33, and hCD41a. (C) Proportion of
hCD45" cells in BM of 1°, 2°, and 3° recipient mice at 4, 8, and 12 weeks after transplantation. (D) Colony assay of hCD45" cells in BM of 1°, 2°, and 3° recipient mice.
hCD45™" cells were seeded at 1.0 X 10 cells per 35-mm dish in triplicate, and the number of colonies in each dish was counted. Bars represent the standard deviation of the

mean of 3 independent experiments. *Significant difference (P < .05).

acquired various CNAs and showed divergent repopulating
capacity in our xenograft model.

TAM-NOG xenograft model revealed the presence of a minor
clone with a distinct GATA1 mutation

ML-DS can arise from a minor TAM clone with a GATA/ mutation
that is distinct from that of the major TAM clone in a patient.'® To
determine whether the GATAI mutation in the primary patient’s
TAM cells was preserved in engrafted TAM-derived cells, GATAI
mutation analysis was performed. TAM-derived cells in the series
m3-4, m3-5, m3-7, and m3-8 had the same GATA!/ mutation
(c.38_39delAG) as that of patient 1 (Figure 4A). Surprisingly, this
mutation was not detected in TAM-derived cells in m2-1, m2-2,
m2-5, and m3-11; instead, these samples showed a distinct GATA/
mutation (c.1A>QG) that was not detectable in the primary patient
sample by direct sequencing. One of the 1° recipients (m2-4)
showed both GATAI mutations. These results suggested that a

minor clone with a distinct GATA mutation (c.1A>G) was present
in the primary patient sample and that this minor clone coexisted
with, or predominated over, other clones in some 1° recipients.
Therefore, a mutation-specific restriction enzyme digestion assay
was performed using the primary sample from patient 1, which
confirmed the presence of cells with the GATAI mutation (¢c.1A>G)
as a minor clone (Figure 4B). Moreover, this minor clone prop-
agated and acquired CNAs in NOG mice independently of the
major clones (Figure 4A), further demonstrating the genetic
heterogeneity of TAM cells. Interestingly, the major clone in the
original patient 1 sample with a ¢.38_39delAG GATAI mutation
and no CNAs did not become dominant in any of the recipients.

Minor subclone with additional CNAs was present in the
primary TAM patient sample

TAM-derived cells in multiple 1° recipients derived from patient
1 had various CNAs including deletions of 16q22 and 16q24
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