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Transient Abnormal Myelopoiesis in Down’s Syndrome

Akira KikucH1
Division of Hematology/Oncology, Saitama Children’s Medical Center

Abstract A total of 73 patients of transient abnormal myelopoiesis (TAM) in Down’s syndrome diagnosed at 212
Japanese pediatric hematology units between 2003 and 2005 were reported. There were 33 boys and 40 girls. Median
values of gestational age and birth weight were 37 weeks 3 days and 2,680 g, respectively. Congenital anomalies ac-
companied 48 cases and congenital heart disease was reported in 44 of 48. Two myelodysplastic syndrome and 11
acute megakaryocytic leukemia cases were reported after spontaneous resolution of TAM. GATA1 mutation was ob-
served 9 of 10 cases examined. Fifty four cases were alive and 19 cases were dead at investigation. The causes of
death were mainly due to organ failure such as hepatic failure or renal failure. Preterm gestation, WBC count more
than 100X 10°/ at diagnosis, maximum serum direct bilirubin level more than 5 mg/dl and presence of systemic edema

were considered as poor prognostic factors.
needed to improve the prognosis of severe TAM cases.

Prospective registration and standardized therapeutic intervention are
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Table 1 Background of 73 TAM patients with DS between Jan 2003 and Dec 2005 in Japan

Gender:

Gestational age:

Birth weight:
Accompanied anomaly:

Boys 33, girls 40
2,680 g (1,028-4,062 g)

Chromosomal findings:
GATA1 mutation:

Later hematological malignancy: MDS 2, AMKL 11
Survival status: Alive 54, dead 19

Cause of death:
apy for AMKL 1

37 weeks 3 days (27W3D-40W5D)

Congenital heart disease 44, gastrointestinal 4, polydactily 2, polycytic kidney 1, rib anomaly 1
Simple 21 trisomy 67, 21 trisomy mosaic 2, Robertson translocation 4
Positive for 9 out of 10 patients examined

Hepatic failure 10, renal failure 5, DIC 3, ICH 1, MOF 1, CHD 2, Infection during chemother-

W: weeks, D: days, DIC: disseminated intravascular coagulation, ICH: intracranial hemorrhage, MOF: multiple organ failure,

CHD congenital heart disease.

Table 2 Survival rate of 73 TAM patients with DS according to gestational age and WBC count

\{VBC count
Gestational age

Less than 100X 10%1

100 X 10%1 or more

37 weeks or more
Less than 37 weeks

92.1% (35/38)
85.7% (12/14)

50.0% (3/6)
26.7% (4/15)
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Fig. 1 Overall survival curve of 73 neonates of Down’s syndrome with TAM
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Fig. 2 Survival curves of TAM cases stratified by the maximum level of serum direct bilirubin
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Abstract A transient abnormal myelopoiesis was observed in a newborn with Down syndrome. Cytogenetic
study revealed multiple oligoclonal abnormalities: 47,XY,inv(6)(p23q21),+21c[3}/47.XY,
der(7)t(1;7)(q25;p15),+21c[11/47,XY,del(13)(q7),+21c[11/47 XY,+21¢c{15]. Ten months after the
patient achieved remission, the transient abnormal myelopoiesis evolved to an acute megakaryo-
blastic leukemia. Cytogenetic study revealed only a single clonal abnormality, 47,XY,der(7)
t(1;7)(q25;p15),+21c, identical to one of the structural changes seen at birth. Sequence analysis
of the GATAI gene revealed a deletion—insertion mutation within the exon 2 introducing a stop co-
don after Arg 64. It may be that the der(7)t(1;7)(q25;p15) abnormality played some selective role in
the development of acute megakaryoblastic leukemia in this patient. To our knowledge, the present
case is unique in demonstrating a subclone with der(7)t(1;7)(q25;p15) evolving to acute leuke-

mia.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Approximately 10% of patients with Down syndrome
are born with transient abnormal myelopoiesis (TAM)
[1,2]. Of these cases, ~20% recur as acute megakaryoblas-
tic leukemia (AMKL) [3]. Acquired mutations in GATAI in
the leukemic blasts are detected in virtually all of these
cases [4—7], but the second hit for the full expression of
AMKUL is still a matter of discussion [6,7]. GATAL1 is a tran-
scription factor that regulates megakaryocytic differentia-
tion, and the mutations observed are considered to cause
accumulation of poorly differentiated megakaryocytic pre-
cursors [4]. Strikingly, GATAI is located on chromosome
X; therefore, genetic interaction of GATAI with one or
more genes on other chromosomes presumably contributes
to the development of AMKL in Down syndrome.

* Corresponding author. Tel.: +81-77-582-6200; fax: +81-77-582-
6304. (T. Kitoh).
E-mail address: tkitoh-mccs@umin.ac.jp (T. Kitoh).

0165-4608/09/$ — see front matter © 2009 Elsevier Inc. All rights reserved.
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Acute myeloid leukemia (AML) and myelodysplastic
syndrome (MDS) in Down syndrome often demonstrate
chromosomal abnormalities in addition to the constitutional
trisomy 21 [8—12]. These include both numerical and
structural abnormalities, mostly complete or partial trisomy
of a specific chromosome; reciprocal translocations are rel-
atively rare. The role of these chromosomal translocations
in developing leukemia in Down syndrome is also un-
known. Here, we report the case of a Down syndrome
patient who developed AMKL showing der(7)t(1;7)
(q25;p15) following TAM at birth.

2. Case report

This Down syndrome patient was a boy born at 39
weeks gestational age, weighing 3,235 g. Thrombocytope-
nia was revealed after birth. At 5 days after birth, he was
diagnosed as having TAM. Initial white blood cell count
was 13,200/uL. with 7% blasts, hemoglobin was 15.0 g/
dL, and platelet count was 52,000/uL. Chromosomal anal-
ysis of bone marrow cells at diagnosis revealed the
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Fig. 1. Karyogram of the blast in leukemic phase showing 47,XY,der(7)
t(1;7)(q25;p15),+21c.

karyotype 47,XY,inv(6)(p23q21),+21¢[3)/47,XY,der(7)t(1;7)
(q25;p15),+21c[1}1/47,XY,del(13)(qMN,+21c[11/47,XY,+21c
[15])/. Although he was not treated, his white blood
cell count gradually decreased within 2 months, and at 7
months after birth his platelet count spontaneously recov-
ered to within the normal range (although he suffered from
thrombocytopenia due to an unknown viral infection). At
10 months after birth, the blasts increased suddenly.
Persistent thrombocytopenia was noted after platelet
transfusions twice weekly. A bone marrow aspirate showed
excessive myelofibrosis. Immunophenotyping of peripheral
blasts showed CD7%, CD13"*, CD33%, CD38%, CD41",
CD42b™, CDS6", CD1577, and HLA-DR™. Chromosome
analysis showed a der(7)t(1;7)(q25;p15) abnormality, in ad-
dition to the constitutional trisomy 21 (Fig. 1). Spectral kar-
yotyping further confirmed the presence of the t(1:7)

T. Kitoh et al. | Cancer Genetics and Cytogenetics 188 (2009) 99—102

translocation, expressed as 47,XY,der(7)t(1;7)(q25;p15),
+21c (Fig. 2), resulting in partial trisomy of 1q.

We analyzed the GATA! mutation in the peripheral
blood sample, after written informed consent was obtained
from his parents. Genomic DNA was extracted, and then
polymerase chain reaction (PCR) was performed. Subclon-
ing and nucleotide sequencing of PCR products were per-
formed as described previously [6]. Sequence analysis of
GATAI gene revealed a deletion—insertion mutation within
exon 2, introducing premature stop codon after Arg 64
(Fig. 3).

A trephine biopsy revealed the presence of a typical
megakaryocyte proliferation and prominent fibrosis. The fi-
nal diagnosis of AMKL led to the initiation of combination
therapy of pirarubicin HCI (25 mg/m? per day for 2 days),
cytosine arabinoside (100 mg/m? per day for 7 days), and
etoposide (150 mg/m? per day for 3 days) [13]. Complete
remission was achieved after two courses of the therapy.
Continuation of the consolidation therapy was uneventful,
and six cycles of the same regimen were completed. As
of writing, the patient had been in continuous complete re-
mission without marked side effects for 5 years after initi-
ation of the therapy.

3. Discussion

Recent collaborative studies on AML in Down syn-
drome children have established that the most frequent cy-
togenetic abnormality in AML or MDS in Down syndrome
is trisomy 8 or partial trisomy of 1q [2,14—17]. Because
AMIL, and MDS with Down syndrome have distinct bio-
logic and clinical features, the identification of Down syn-
drome patients with a mild or normal phenotype in the
AML/MDS population is of fundamental importance for
clinical diagnosis and management. Partial trisomy of 1q

Fig. 2. Spectral karyotyping showing 47,XY,der(7)t(1;7)(q25;p15),4+-21c.
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Fig. 3. Matational analysis of the GATAI gene. (A) Sequence analysis was performed directly and using subcloned polymerase chain reaction product and
showed a deletion—insertion mutation (28-bp deletion and 23-bp insertion) between 152 and 179 within exon 2. (B) This deletion—insertion mutation in-
troduced a premature stop codon after Argb4. Numbers represent nucleotides from the 5 end of exon 2.

has been reported by several authors and appears to repre-
sent a nonrandom chromosomal abnormality in patients
with MDS/AML and Down syndrome [14,17]. Partial tri-
somy of 7q [8] or monosomy 1 [18,19] have also been re-
ported. Unbalanced translocation t(1;7) in childhood
myelodysplasia has been reported [20]. It is also possible
that the t(1;7) played some role in the development of the
MDS [21]. The mechanism of formation of the der(7)t(1;7)
and its role in leukemogenesis are still unclear. Given that
der(Mt(1;7) results in partial trisomy of lq and partial
monosomy of 7q, the increased dosage of the oncogenes
located at 1q or the loss of the tumor suppressor genes
located at 7q (or both factors) may be implicated in leuke-
mogenesis of MDS and AML with der(7)t(1,7).

Cases of TAM usually have no karyotypic abnormality
[1], but AMKL is associated with chromosomal abnormal-
ities, including 8 trisomy and 19 trisomy {2]. Rare TAM
cases have had chromosome abnormalities that were also
observed in developing AMKL [22]. As for the GATAI
gene, the deletion—insertion mutations within exon 2 in
our patient have been reported previously in only two cases
of TAM [5,7). Reciprocal translocations are rare in TAM
with Down syndrome. In the present case, a der(7)t(1;7)
with partial trisomy of 1q, which is among the most fre-
quently observed abnormalities in Down syndrome, might
contribute to evolution to acute leukemia. The present
report contributes insight into the mechanism of leukemic
transformation from TAM in Down syndrome.
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Abstract It is now conceivable that leukemogenesis
requires two types of mutations, class I and class II muta-
tions. We previously established a mouse bone marrow-
derived HF6, an IL-3-dependent cell line, that was
immortalized by a class IT mutation MLL/SEPT6 and can be
fully transformed by class I mutations such as FLT3
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mutants. To understand the molecular mechanism of leu-
kemogenesis, particularly progression of myelodysplastic
syndrome (MDS) to acute leukemia, we made cDNA
libraries from the samples of patients and screened them by
expression-cloning to detect class I mutations that render
HF6 cells factor-independent. We identified RasGRP4, an
activator of Ras, as a candidate for class I mutation from
three of six patients (MDS/MPD =1, MDS-RA =1,
MDS/AML = 2, CMMoL/AML = 1 and AML-M2 = 1).
To investigate the potential roles of RasGRP4 in leuke-
mogenesis, we tested its in vivo effect in a mouse bone
marrow transplantation (BMT) model. C57BL/6] mice
transplanted with RasGRP4-transduced primary bone mar-
row cells died of T cell leukemia, myeloid leukemia, or
myeloid leukemia with T cell leukemia. To further examine
if the combination of class I and class II mutations accel-
erated leukemic transformation, we performed a mouse
BMT model in which both AML1 mutant (S291fsX300)
and RasGRP4 were transduced into bone marrow cells. The
double transduction led to early onset of T cell leukemia but
not of AML in the transplanted mice when compared to
transduction of RasGRP4 alone. Thus, we have identified
RasGRP4 as a gene potentially involved in leukemogenesis
and suggest that RasGRP4 cooperates with AML1 muta-
tions in T cell leukemogenesis as a class I mutation.

Keywords RasGRP4 - AML1 - Class I mutation -
Leukemogenesis - cDNA library

1 Introduction
Various chromosome translocations and gene mutations

were known to participate in leukemogenesis. Recently, it
was recognized that multiple gene alterations are required
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for leukemogenesis; coexistence of chromosomal translo-
cations and gene mutations are frequently found in the
same patient. There are some frequent combinations
including c-Kit mutations and AMLI/ETO [1-6], c-Kit
mutations and inv(16) [1, 5-7], Ras mutations and AML1
point mutations [8, 9], FLT3-ITD and AML1 point muta-
tions [10, 11], FLT3 mutations and PML-RARe [12-16],
MLL rearrangement and FLT3-TKD {[17], MLL rear-
rangement and Ras mutations [18], and FLT3-ITD and
NPM1 mutations [19]. Interestingly, on the other hand,
RAS and FLT3 mutations, which are detected in about 50%
of patients with de novo AML, are negatively associated
with each other [20, 21]. In mice models, while expression
of PML/RARe in transgenic mice caused a nonfatal mye-
loproliferative syndrome, transplantation of bone marrow
cells obtained from PML/RARa transgenic mice retrovi-
rally transduced with FLT3-ITD resulted in development
of an APL-like disease in a short latency [22]. Two step
leukemogenesis was also suggested by an in vitro culture
system of human hematopoietic cells [23]. Based on these
findings, leukemia-related mutations are classified into two
groups, class I and class II mutations. Class I mutations
include activating mutations of tyrosine kinases and a small
GTPase Ras or inactivation of apoptosis-related molecule,
and these mutations induce cell proliferation or block
apoptosis. On the other hand, class II mutations include
dominant negative mutations of transcription factors
involved in differentiation of hematopoietic cells, such as
AML1/ETO, PML/RARa, or -constitutively activated
mutations of chromosome remodeling factors such as
MLL-related fusion genes [24]. Indeed, it has been repor-
ted that a combination of class I and II mutations such as
PML/RARa plus FLT3-ITD [22], AMLI/ETO plus FLT3
mutation [25], AMLI/EVI1 plus BCR/ABL [26], MLL/
SEPT6 plus FLT3 mutation [27], K-ras plus PMIL/RAR«
[28] induced AML. in a mouse BMT model, while either
class I or I mutation alone led to, myeloproliferative dis-
orders (MPD) or MDS like disease, not leukemia [22-28].

To identify class I mutations from patients with
MDS/AML, MPD, or AML, we used retrovirus-mediated
expression cloning; cDNA libraries from patients’ samples
were constructed and retrovirally transfected into an IL-3-
dependent myeloid cell line, HF6, immortalized by a class
II mutation MLL/SEPT6 [27]. We searched for class I
mutations that abrogate IL-3 dependency of HF6 and we
identified RasGRP4 as a candidate gene from three dif-
ferent libraries (MDS/MPD = 1, MDS/AML = 1, MDS-
RA = 1). In addition, FLT3-ITD was identified in a patient
with MDS/AML.

RasGRP4 belongs to a family of guanine nucleotide-
exchange factors (RasGRP1-4) that positively regulate Ras
and related small GTPases, and is mainly expressed in
myeloid cells and mast cells [29, 30]. RasGRP4 appears to
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act downstream of the tyrosine kinase receptor c¢-Kit/
CD117 [30]. RasGRP4 is located on 19q13.1 and altera-
tions of this site have been found in several cancers (the
“Cancer Chromosomes” at the NCI web site), and was
previously isolated by expression cloning from cytogenet-
ically normal AML patients using the focus-forming assay
of NIH3T3 cells [29]. In the present study, we isolated
RasGRP4 using expression cloning as a gene that fully
transforms IL-3-dependent HF6 cells, and investigated the
effect of RasGRP4 overexpression in a mouse BMT model
and implicated RasGRP4 in leukemogenesis.

2 Materials and methods
2.1 Cell lines and cell culture

A mouse pro-B line Ba/F3 was maintained in RPMI1640/
10% fetal bovine serum (FBS) containing 1 ng/ml recom-
binant mouse IL-3 (obtained from R & D systems). HF6,
which had been established by introducing MLL/SEPT6 into
mouse bone marrow cells, was maintained in RPMI1640/
10% FBS containing 10 ng/ml mouse IL-3 as described [27].

2.2 Screening of ¢cDNA libraries

Complementary cDNA libraries were generated from
patients leukemic or MDS cells (MDS/MPD = 1, MDS/
AML =2, CMMoL/AML =1, MDS-RA =1, AML-
M2 = 1) as described [31]. MDS or leukemic cells of these
patients did not harbor recurrent chromosomal transloca-
tions involving AML1 or MLL. One patient with AML-M2
did not display t(8;21). The point mutations of AML1 were
not screened. Recombinant retroviruses were generated by
transient transfection using an ecotropic packaging cell line
PLAT-E as described with minor modifications [32]. Bone
marrow or peripheral blood samples of patients were taken
under the experimental procedure approved by the ethical
committees of our institute (approve no. 20-9).

We introduced each c¢DNA library into two IL-3-
dependent cell lines Ba/F3 and HF6. After transduction
with the cDNA library, the transduced cells were seeded
into 96-well plates in the absence of IL-3, and factor
independent clones were isolated. To identify the cDNA
that confers factor independency on Ba/F3 or HF6, geno-
mic DNA of the factor independent clones were purified
and integrated cDNAs were isolated and sequenced.

2.3 Vector construction
cDNAs for human RasGRP4 were cloned from cDNA

libraries of MDS/MPD patients and normal volunteers
using PCR primers: 5-GGAGCTGAGCCCTACTCTTG-3'

@ Springer



472

N. Watanabe-Okochi et al.

(forward), 5'-AGAGTCTGACGGCAGGACTC-3 (reverse).
We used pfu polymerase (Stratagene, La Jolla, CA) to
amplify the coding region of human RasGRP4. We sub-
cloned the PCR products into TOPO vector (Invitrogen,
San Diego, CA). Then, the EcoRI fragment carrying Ras-
GRP4 was inserted into the EcoRI sites of pMXs vector
[32]. RasGRP4 sequences derived from patients and nor-
mal volunteers were not identical to those in the data bases
as described in result section. We used an AML1 mutant,
S$2911sX300, identified from case number 27 among MDS/
AML patients [33]. This mutant is hereafter referred to as
AML1-S291fs. The AMLI1-S291fs was inserted upstream
of the IRES-EGFP cassette of a retrovirus vector pMYs-IG
[32] to generate pMYs-AML1-S291fs-1G.

2.4 Expression of RasGRP4 in HF6

To confirm that the isolated RasGRP4 is responsible for
factor-independency of HF6, the cells were infected with
the retroviruses harboring pMXs-RasGRP4 derived from
patients, normal volunteers or an empty vector as a control,
and cultured in the absence of IL-3. To investigate the
activation of the Ras pathway in the HF6 cells expressing
RasGRP4, the transfected cells were lysed in lysis buffer,
and lysates were subject to western blot analysis as
described with minor modifications [34]. Monoclonal
mouse anti-phospho-p44/42 MAPK (Thr®®*/Tyr***) anti-
body (Sigma) was used for phosphorylated ERK1/2.

2.5 Bone marrow transplantation

Bone marrow mononuclear cells were isolated and cultured
as described [35]. The prestimulated cells were infected for
60 h with the retroviruses harboring pMXs-RasGRP4
derived from a patient with MDS/MPD, pMYs-AMLI1-
S291fs-IG or an empty vector as a control, using six well
dishes coated with RetroNectin (Takara Bio, Inc.) accord-
ing to the manufacturer’s recommendations. Then, 0.3-
1.2 x 10° of infected bone marrow cells (Ly-5.1) were
injected through tail vein into C57BL/6 (Ly-5.2) recipient
mice (8-12 weeks of age) which had been administered a
sublethal dose of 5.25 Gy total-body y-irradiation (135Cs).
Overall survival of the transplanted mice was analyzed
using the Kaplan—-Meier-method. All animal studies were
approved by the Animal Care Committee of the Institute of
Medical Science, The University of Tokyo.

2.6 Analysis of the transplanted mice
Engraftment of bone marrow cells was confirmed by
measuring the percentage of Ly-5.1-positive and/or GFP

positive cells in peripheral blood obtained every
1-2 months after the transplant. After the morbid mice
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were euthanized, their tissue samples including peripheral
blood (PB), bone marrow (BM), spleen, liver, and kidney
were analyzed. Circulating blood cells were counted by
automatic blood cell counter KX-21 (Sysmex, Kobe,
Japan). Morphology of the peripheral blood cells was
evaluated by staining of air-dried smears with Hemacolor
(Merck). Tissues were fixed in 10% buffered formalin,
embedded in paraffin, sectioned, and stained with hema-
toxylin and eosin (H & E). Cytospin preparations of bone
marrow and spleen cells were also stained with Hemacolor.
The percentage of blasts, myelocytes, neutrophils, mono-
cytes, lymphocytes, and erythroblasts was estimated by
examination of at least 200 cells. To assess whether the
leukemic cells were transplantable, 2 x 10°-1 x 10° total
BM cells including blasts were injected into the tail veins
of sublethally irradiated mice. A total of two or three
recipient mice were used for each serial transplantation.

2.7 Flow cytometric analysis

Peripheral blood or single-cell suspensions of bone marrow
and spleen were stained with the following phycoerythrin
(PE)-conjugated monoclonal antibodies: Ly-5.1, Gr-1,
CDl11b, B220, CD3, CD4, CDS8, CD41, c-Kit, Sca-1,
CD34, and Ter-119. Then, flow cytometric analysis was
performed as described [35].

2.8 RT-PCR

To confirm expression of human RasGRP4, total RNA was
extracted from BM cells of transplanted mice using Trizol
(Invitrogen, California, USA) and ¢cDNA was prepared
with the Superscript II RT kit (Invitrogen, California, USA)
and RT-PCR was performed using a 2720 Thermal cycler
(Applied Biosystems, Tokyo, Japan). The cDNA was
amplified using AmpliTaq Gold (Applied Biosystems by
Roche Molecular Systems, Inc., New Jersey. USA). The
reaction was subject to one cycle at 95°C for 5 min, 30
cycles of PCR at 95°C for 30 s, 55°C for 30 s, and 72°C for
30 s. All samples were independently analyzed at least
three times. The following primer pairs were used: 5'-
ACTGGCTGATGCGACACCC-3 (forward) and 5'-GA-
GATGGCACTGTGACACAG-3' (reverse) for human
RasGRP4, 5'-ACCACAGTCCATGCCATCAC-3' (for-
ward) and 5'-TCCACCACCCTGTTGCTGTA -3’ (reverse)
for GAPDH.

2.9 Quantitative RT-PCR

To examine expression levels of human RasGRP4 in
patients, quantitative RT-PCR was performed. Quantitative
RT-PCR was performed using a LightCycler Workflow
System (Roche Diagnostics, Mannheim, Germany).
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Complementary DNAs derived from bone marrow cells of
leukemia or MDS patients as well as normal bone marrow
cells were amplified using a SYBR Premix EX Taq (TA-
KARA). The reaction was subject to one cycle at 95°C for
30 s, 45 cycles of PCR at 95°C for § s, 55°C for 10 s, and
72°C for 10 s. All samples were independently analyzed at
least three times. The primer pairs for human RasGRP4 and
GAPDH were the same as described above. The samples
from the patients were obtained under written consents
which had been approved by the local ethical committee of
each institute or hospital.

2.10 Bubble PCR

Genomic DNA was extracted from BM or spleen cells of
transplanted mice and digested with EcoRlI, and then the
fragments were used for Bubble PCR to identify the inte-
gration sites of the retroviruses as described [35]. We
confirmed inverse repeat sequence “GGGGGTCTTTCA”
as a marker of junction between genomic DNA and ret-
rovirus sequence.

3 Results

3.1 RasGRP4 induces factor-independent growth
of HF6

In the screening of cDNA libraries, some wells gave rise to
cell growth in the absence of IL-3 from HF6 but not from
BaF3 cells. The factor-independent clones were isolated
and the cDNAs integrated in the genome DNA were
sequenced using PCR. FLT3-ITD was identified in one
MDS/AML patient. In addition, RasGRP4 was identified
from three different libraries (MDS/MPD = 1, MDS/
AML = 1, and MDS-RA = 1). We introduced the isolated
RasGRP4 into HF6 to confirm that RasGRP4 was respon-
sible for autonomous growth of HF6 cells (Fig. 1a). In the
sequence of RasGRP4 derived from the MDS/MPD, MDS/
AML and MDS-RA patients, we found several different
amino acids that compared with the sequences in two
databases GenBank (accession number AF448437) and
GenBank (accession number AYO048119) (Table 1).
Therefore, we introduced RasGRP4 derived from a patient
and two Japanese normal volunteers (normal 1 and 2 in
Table 1) into HF6 cells to examine if RasGRP4 from
normal volunteers also gives rise to factor-independency.
As a result, RasGRP4 from normal volunteers also induced
factor-independent growth of HF6, indicating that over-
expression of RasGRP4 by itself induced transformation of
the cells, independent of some mutations in the amino acid
sequence of RasGRP4. While several gene alterations were
observed in the samples of patients, we focused on E468K
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because this change was observed only in a patient with
MDS/MPD but not in the sequence derived from the two
databases and two normal volunteers (Table 1). However,
we did not find any functional importance of the alteration
at codon 468 that changes a glutamic acid to a lysine.
Moreover, SNPs of this gene are not correlated with lym-
phoma and leukemia (Y. Nakamura, unpublished results).

To assess the RasGRP4-mediated Ras activation, we
examined phosphorylation of ERK1/2 using HF6-cells-
transduced RasGRP4. Stimulation with IL-3 induced much
stronger phosphorylation of ERKI1/2 in the HF6 cells
expressing RasGRP4 when compared with parent HF6
cells (Fig. 1b, lanes 6-8). Although we did not observe
enhanced phosphorylation of ERK1/2 in the cells over-
expressing RasGRP4 without IL-3 (Fig. 1b, lane 5), we
assume that non-detectable enhancement of ERK1/2 was

a
1.00E+14
1.00E+12
1.00E+10
1.00E+08 4 —&— HF6 (+IL-3)
—A— HF6-H-Ras-G12v
1.00E+06 ¢
--@-- HF6-RasGRP4
1.00E+04 --0--HF6-GFP
1.00E+02
1'00E+00 T T TV T T T T T T T T ]
0123456 7 8 91011 days
b HF6 HF6
(Mock) (RasGRP4)
0 3 15 30 0 3 15 30 (min)
p-ERK1/2
ERK1/2

Fig. 1 RasGRP4 conferred factor independency on HF6. a HF6 cells
expressing the H-Ras-G12V, RasGRP4 and GFP vector were
deprived of IL-3, and cells were counted by trypan blue exclusion.
The parental HF6 cells in the presence of IL-3 (10 ng/mL) were
counted as same. b Stimulation with IL-3 induced strong phosphor-
ylation of ERK1/2 in the HF6 cells expressing RasGRP4.
Phosphorylation of ERK1/2 (pERK1/2) was examined in HF6 cells
transfected with RasGRP4 or empty by western blot analysis using
anti-phospho-p44/42 MAPK (Thr**/Tyr*®) Ab. Loading amount was
estimated by re-probing immunoblots with Abs specific for ERK1/2.
The transfected HF6 cells were washed with PBS twice and cultured
in RPMI1640/10% FBS without IL-3 for 4 h. Then, some of cells
were collected and lysed (lanes I and 5). The remained cells were
stimulated with IL-3 (100 ng/mL) for the indicated period and
collected and lysed (lanes 24, and 6-8)
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Table 1 Polymorphism of RasGRP4

Position of amino acid AF448437 AY048119

Patient 1
(MDS/MPD)

Patient 3 Normal 1 Normal 2

(MDS-RA)

Patient 2
(MDS/AML)

18

120
261
468
541
671
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enough to induce factor-independent growth of HF6. Only
weak activation of the signaling molecule, even non-
detectable in biochemical experiments, sometimes induces
autonomous cell growth.

3.2 RasGRP4 induced myeloid leukemia
and T cell leukemia in mice

We further examined if overexpression of RasGRP4
induced leukemia in a mouse BMT model. We confirmed
expression of human RasGRP4 in BM cells of transplanted
mice by RT-PCR (Fig. 2a). Transduction of RasGRP4
(E468K) induced myeloid and/or T cell leukemia with
various phenotypes, and the transplanted mice died within
2-8 months after the transplantation (Fig. 2b). For exam-
ple, a mouse (ID 402) died of T cell leukemia with
thymoma (weight of thymus was 1,416 mg) and hepato-
splenomegaly on day 252 after the transplantation.
Leukemic cells showed a CD4- and CD8-double-positive
phenotype (Fig. 3). One other mouse developed a similar
disease (ID 401). Unfortunately, this mouse died on day
224 before we found out. Therefore, we could only confirm
hepatosplenomegaly and a giant thymoma after the death.
Two mice (ID 407 and 408) died of AML with hepato-
splenomegaly on days 47 and 66 after the transplantation.
Severe leukocytosis, anemia and thrombocytopenia were
observed in a mouse (ID 408), but severe pancytopenia was

observed in the other mouse (ID 407). Leukemic cells of

the mouse (ID 408) in bone marrow and thymus uniformly
expressed Grl, CD11b, and B220 on their surfaces (Fig. 3).
Four of the transplanted mice (ID 403, 404, 405 and 406)
developed both myeloid and T cell leukemia with hepa-
tosplenomegaly, and in some cases, thymoma (ID 404, 405
and 406). In the mouse ID 404, both myeloid and T cell
leukemia cells were observed in the bone marrow, while
peripheral blood was occupied with myeloid leukemia and
thymus was occupied with T cell leukemia (Figs. 3, 4). In
summary, two mice died of AML after a short latency
(days 47 and 66), two mice died of T cell leukemia after a
long latency (days 224 and 252), and four mice died of
AML and T cell leukemia (days 76, 83, 129, and 248). The
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Fig. 2 Co-transduction of RasGRP4 and AML1-S291fs led to early
onset of leukemia. a Expression of retrovirally introduced RasGRP4
in BM cells. Total RNA from BM cells of transplanted mice were
extracted, and the derived cDNAs were subjected to RT-PCR. Mice
IDs were shown on the top of the panel. ID 402’ is a second recipient
of ID 402. Controls are AML1-S291fs (ID 52), empty vector (ID
202), and normal mouse (Nor). b Kaplan-Meier analysis for the
survival of mice transplanted with RasGRP4, AMLI1-S291fs, and
double-transduced BM cells. Average survival of RasGRP4 alone
(139.8 days) was not significantly different when compared with
double transduced mice (101.5 days) (P = 0.223, log rank test).
Average survival of the double transduced mice (101.5 days) was
significantly shorter than that of AML1-5291fs-transduced mice
(263.6 days) (P = 0.00003, log rank test). RasGRP4 (n = 8), AML1-
S$291fs (n = 10), RasGRP4 + AMLI1-S291fs (n = 11), mock
(n = 16) transduced bone marrow cells were transplanted to mice

details of individual mice are shown in Table 2 and Fig. 5.
To assess whether the leukemic cells were transplantable,
2 x 10°-1 x 10° total BM cells including blasts were
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Fig. 3 RasGRP4 induced T cell
leukemia and myeloid leukemia
in the BMT model. The dot

RasGRP4 (ID: 402)
(death at day 252)
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(death at day 66)

RasGRP4 (ID: 404)
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injected into recipient mice. We confirmed that both T cell
leukemia and myeloid leukemia cells were serially trans-
plantable although the phenotypes slightly changed after
the serial transplantation (Supplemental Fig. 1).

3.3 Different integration sites were identified
from T cell or myeloid leukemia cells derived
from an individual mouse

To examine if the T cell and myeloid leukemia cells
were derived from different clones or the same clone, we
identified the integration sites in genomic DNA samples
of thymus, peripheral blood or bone marrow cells. As
shown in Table 3, different integration sites were iden-
tified from T cell and myeloid leukemia cells derived
from an individual mouse, suggesting that T cell and
myeloid leukemic cells were derived from different
clones.

62

The integration near the Samsnl gene was found twice
in ID 405 and ID 406. These mice were transplanted on the
same day. The integration site was identical among these
leukemic cells indicating that leukemic cells of the two
cases were derived from a single hematopoietic progenitor.
This result suggests that the integration induced expansion
of the transduced stem cells during the 3-day-culture period
before the transplantation. Indeed, the mice with the inte-
gration at Samsnl site developed AML with the same
phenotype (CD11b positive) and similar latencies (83 and
76 days). On the other hand, different T lineage clones
grew up in thymus and developed thymoma.

3.4 RasGRP4 cooperates with an AML1 mutant
in leukemogenesis

RasGRP4 appears to function downstream of the tyrosine
kinase receptor c-Kit/CD117 [30]. High expression of c-kit
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Fig. 4 RasGRP4 induced both
of T cell leukemia and myeloid
leukemia in the same mouse.
Giemsa-stained cells derived
from a bone marrow, b thymus,
and ¢ peripheral blood obtained
from mouse ID 404.
Macroscopic findings of

d spleen, e liver, f thymus from
mice ID 404; left g spleen,

h liver, i thymus from normal
mice; right are shown. Images
(a, b, ¢) were obtained with a
BHS51 microscope and DP12
camera (Olympus, Tokyo,
Japan); objective lens, UPlanFl
(Olympus); x1,000

has been found in 60-80% of AML [36] and higher
expression is observed in 81.3% of patients with t(8;21)
when compared with the patients with other leukemias [2].
Niimi et al. [9] reported that MDS/AML arising from
AML1/RUNX1 mutations frequently involves receptor
tyrosine kinase (RTK)-RAS signaling pathway activation.
We have recently demonstrated that bone marrow cells
transduced with AML1 mutants induced MDS-like symp-
toms after a long latency [35]. Therefore, we also tested if
the combination of RasGRP4 and AML1-S291fs, one of
the AML1 mutants, induced rapid leukemic transformation
in a BMT model. As a result, co-transduction of RasGRP4
and AML1-S291fs led to early death in the transplanted
mice (average 101.5 days, n = 11) than the expression of
RasGRP4 alone (average 139.8 days, n = 8) (Fig. 2b). We
diagnosed the double-transfected disease mice as T cell
leukemia because of enlarged thymus, hepatosplenomeg-
aly, and expansion of blast expressing CD3, CD4, and CD8
in bone marrow, peripheral blood, and thymus (Fig. 6). The
onset of T cell leukemia was significantly earlier in the
RasGRP4 + AML1 mutant (average 102.7 days, n = 9)
than RasGRP4 alone (average 238 days, n = 2). On the
other hand, onset of AML was not significantly changed
between RasGRP4 + AML1 mutant (average 96 days,
n = 2) and RasGRP4 alone (average 56.5 days, n = 2)
transplanted mice.
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3.5 RasGRP4 was overexpressed in some patients
with hematological malignancies

We examined expression levels of RasGRP4 in patients
with myeloid or T lineage hematological malignancies. As
shown in Fig. 7, cells from some patients (T-ALL, AML-
M1, MDS-RAEB, MDS-RA, CMMoL) overexpressed
RasGRP4.

4 Discussions

We identified RasGRP4 from patients’ cDNA libraries as a
gene that renders IL-3-dependent HF6 cells factor inde-
pendent when expressed at high levels via retrovirus-
mediated gene transfer. Although we did not find any gain-
of-function mutation of RasGRP4 in three patients from
whom we identified cDNA for RasGRP4, and we detected
high expression of RasGARP4 in only one out of the three
patients, it is possible that overexpression or activating
mutations are found in patients with malignant diseases
including leukemia and MDS. Thus, RasGRP4 is a candi-
date gene for class [ mutations. In addition to RasGRP4, we
also identified FL.T3-ITD from a patient with MDS/AML,
thus showing the feasibility of our functional cloning
strategy. The HF6 cells were immortalized by expression
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Fig. 5 Morphology of
leukemic cells induced by

ID: 402( BM)

ID: 403 ( BM) ID: 408 (BM)

RasGRP4. Giemsa staining
photos of the leukemic cells are
shown. Mice IDs were shown at
top of the panel. Surface
expression proteins were shown
at bottom of the panel. Images
were obtained with a BHS51
microscope and DP12 camera
(Olympus, Tokyo, Japan);

objective lens, UPlanF]
(Olympus); magnification,
x 1,000

ID: 404 (BM)

Gri(+), CD11b(+) &

CDA4(+), CD8(+), c-Kit(+)

ID: 404 (Thymus)

CD4(;), CD8(+), c-Kit(+)

Table 3 Retroviral integration sites in the transplanted mice

CD4(+),CD8(+), c-Kit(+

)

CD41(+), c-Kit(+) Gri(+), CD11b(+), B220(+)

ID: 405 (BM) ID: 406 (BM)

CD11b(+)

CD11b(+)

iD: 405 (Thymus) ID: 406 (Thymus)

CDA4(+), CD8(+) CD4(+), 08(+>

Mice ID  Sample Chr. Nearest gene Gene ID Distance to Location  Forward or RTCGD hits
number gene (start or end) reverse orientation
404 Thymus 10 Ber 110279 Disrupt CDS Intron 8 F 0
404 PB 15 Trio 223435  Disrupt CDS Intron 9 F 3
405 Thymus 14 LOC100042147 100042147 12,962 bp 3 R 0
405 BM 16 Samsnl 67742 95,998 bp 5 R 2
406 Thymus 18 LOC100042131 100042131 Disrupt CDS Exon 2 F 0
406 BM 16 Samsnl 67742 95,998 bp 5 R 2

of MLL-SEPTS6, and can be transformed by oncogenic Ras
and Ras-related signals (manuscript in preparation).
Therefore, HF6 is a suitable cell line for identification of
Ras mutations as well as mutations of Ras-related signaling
molecules. On the other hand, Ba/F3 cells can be trans-
formed by STATS5 activation. In addition to these two cell
lines, we have developed several other IL-3-dependent
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bone marrow-derived cell lines immortalized by class II
mutations or related molecules (unpublished results).
Because these IL-3-dependent cell lines have different
signaling profiles, they would be applicable for identifica-
tion of mutations in a variety of signaling molecules,
providing a versatile system for functional cloning of
oncogenic mutations.
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RasGRP4 + AML1-S291fs

ID: 513
(death at day 130)

ID: 503
(death at day 96)

BM  Thymus BM  Thymus

R %
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Ly5.1

Gr1

CD11b

B220

CD3

CD41

c-Kit

] [

CD4

e .
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Fig. 6 RasGRP4 and AML1-S291fs induced T cell leukemia in the
BMT model. The dot plots show Ly5.1, Gr-1, CD11b, B220, CD3,
CD41, c-kit, CD4, or CD8 expression detected by corresponding PE-
conjugated mAb

Overexpression of RasGRP4-induced T cell leukemia
and/or myeloid leukemia in a mouse BMT model. We
found that four of eight mice developed both types of
leukemia and two mice died of AML after a short
latency, while others died of T cell leukemia after a long
latency when transplanted with RasGRP4 alone. At
present, it is not clear what determines the different
phenotypes of leukemia induced by RasGRP4. Although

66

P n w
- N W

o
o w

CMMol. m==
Patient 1:MDS/MPD mam

Patient 2:MDS/AML =g

Normal B1 ::J
Normal BM2 ——— |

MDS/AML ==

MDS-RAEB mrm==rm

MDS-RAEB === |

Relative RNA level (x Normal BM2)
MDS/AML Z=2

Patient 3:MDS-RA M=

Fig. 7 RasGRP4 was overexpressed in a patient with T-ALL and
some patients with myeloid malignancies. Expression levels of
RasGRP4 in bone marrow cells derived from patients with hemato-
logical malignancies were evaluated by quantitative RT-PCR. Gray
bar patients with hematological malignancies, black bar patients used
for cDNA library and identified RasGRP4, white bar normal. RNAs
from normal bone marrow cells served as a control (RNA level of
normal BM2 = 1)

the retrovirus integration site should modify the outcome,
so far we did not find any integration that could explain
the differing phenotypes of leukemia. Alternatively, it
is also possible that types of progenitors transduced
with RasGRP4 determine the different phenotypes of
leukemia.

Co-transduction of RasGRP4 and AML1-S291fs led to
early onset of T cell leukemia as compared with the
transduction of RasGRP4 alone. Putting together with
clinical reports [2, 9, 36] and our results, we can suggest
the significant association of Ras signaling pathway and
function of AML1 mutation in leukemogenesis. While
AMLI1 mutations are frequently associated with myeloid
leukemia in human patients, they seemed to shorten the
latency of T cell leukemia induced by forced expression of
RasGRP4 in mouse BMT model. Intriguingly, while Ras-
GRP4 induced c-Kit4/CD3—/CD4+/CD8+ T cell
leukemia, combination of RasGRP4 and AML1-S291fs
developed more mature T cell leukemia (c-Kit—/CD3+/
CD8+/CD4— or CD4+). The reason for this difference is
elusive at present. Although we need more cases of BMT
mice for confirmation of this difference, AML1-S291fs
may also play some roles to induce T cell differentiation in
addition to its overall dominant effects on AMLI tran-
scription. In the clinical cases, AML1-LAF4 [37] and
AMLI-FGA7 [38] were associated with T-ALL, although
most of AML1 translocations are associated with myeloid
leukemia. Because AML1 is important for transcription of
TCR and silencing of CD4, it is possible that AMLI-
S291fs inhibited the normal ontogeny of T cells, thus
accelerating leukemogenic process caused by RasGRP4 in
a mice BMT model as a class II mutation that disturbs T
cell ontogeny.
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Reuther et al. previously isolated RasGRP4 by focus-
forming assay of NIH3T3 cells from a patient with AML.
This AML-derived RasGRP4 contained a point mutation
at codon 620 that changes glutamic acid to lysine at the
carboxy! terminus of the protein [29]. However, they
found no significant difference in the ability of the AML-
derived point mutated RasGRP4 (E620K) or wild-type
RasGRP4 (GenBank™ accession number AF448437) in
activation of Ras proteins. In our study, we found a gene
alteration that induces an amino acid substitution from
glutamic acid to lysine at 468 position of RasGRP4 in a
patient with MDS/MPD. However, we did not detect a
functional difference between RasGRP4 harboring an
E468K substitution and RasGRP4 derived from normal
volunteers in the ability to abrogate IL-3-dependency of
HF6 cells. Moreover, SNPs of this gene are not correlated
with lymphoma and leukemia (Y. Nakamura, unpublished
results). These results indicate that the sequence differ-
ence simply represents a polymorphism or a neutral
mutation and has no significant meaning in inducing
leukemia. At present, it is not clear whether the sequence
alterations in RasGRP4 gene are derived from germ line
or somatic mutations.

We found overexpression of RasGRP4 in a patient with
T-ALL but it is difficult to conclude the association of
RasGRP4 with T-ALL. We also found overexpression of
RasGRP4 in some patients with AML-M1, MDS-RAEB,
MDS-RA, and CMMoL. The current results suggest that
RasGRP4 plays important roles in leukemogenesis in some
patients. A clinical study using a large number of patients’
samples is required to fully understand the association of
RasGRP4 with leukemogenesis.

In summary, we identified RasGRP4 as a candidate gene
of class 1 mutations by our expression cloning strategy
based on retrovirus-mediated gene transfer [31, 32, 39].
Although we did not find significant mutations in RasGRP4
derived from patients, overexpression of RasGRP4 confers
factor independency on an IL-3 dependent cell line and
induced T cell leukemia and myeloid leukemia in a mouse
BMT model. Our results indicate possible involvement of
RasGRP4 in leukemogenesis.
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