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Twenty percent to 30% of transient abnor-
mal myelopoiesis (TAM) observed in new-
borns with Down syndrome (DS) develop
myeloid leukemia of DS (ML-DS). Most
cases of TAM carry somatic GATAT muta-
tions resulting in the exclusive expres-
sion of a truncated protein (GATA1s).
However, there are no reports on the
expression levels of GATA1s in TAM
blasts, and the risk factors for the progres-
sion to ML-DS are unidentified. To test
whether the spectrum of transcripts

Introduction

derived from the mutant GATA7 genes
affects the expression levels, we classi-
fied the mutations according to the types
of transcripts, and investigated the mo-
dalities of expression by in vitro transfec-
tion experiments using GATA7 expres-
sion constructs harboring mutations. We
show here that the mutations affected the
amount of mutant protein. Based on our
estimates of GATA1s protein expression,
the mutations were classified into GATA1s
high and low groups. Phenotypic analy-

ses of 66 TAM patients with GATAT muta-
tions revealed that GATA1s low muta-
tions were significantly associated with a
risk of progression to ML-DS (P < .001)
and lower white blood cell counts
(P = .004). Our study indicates that quan-
titative differences in mutant protein lev-
els have significant effects on the pheno-
type of TAM and warrants further
investigation in a prospective study.
(Blood. 2010;116(22):4631-4638)

In children with Down syndrome (DS), the risk of developing acute
megakaryocytic leukemia (AMKL) is estimated at 500 times
higher than in children without DS. Interestingly, neonates with DS
are at a high risk of developing a hematologic disorder referred to
as transient abnormal myelopoiesis (TAM). It has been estimated

translated from the second methionine on exon 3. These findings
strongly suggest that the qualitative deficit of GATA1 contributes to
the genesis of TAM and ML-DS. The analysis of megakaryocyte-
specific knockdown of GATAI in vivo has revealed a critical role
for this factor in megakaryocytic development. Reduced expres-

that 5% to 10% of infants with DS exhibit the disorder, and in most
cases, it resolves spontaneously within 3 months. However,
approximately 20% of the severe cases are still subject to fatal
complications and 20% to 30% of patients who escape from early
death develop AMKL referred to as myeloid leukemia of DS
(ML-DS) within 4 years.!*

Recent studies found that high white blood cell (WBC) count,
failure of spontaneous remission, early gestational age (EGA) and
liver fibrosis or liver dysfunction are significantly associated with
early death.>” Most of the same covariates were found in all of the
reports. However, the risk factors for the progression to ML-DS
remain elusive.

Blast cells in most patients with TAM and ML-DS have
mutations in exon 2 of the gene coding the transcription factor
GATA1,8- which is essential for normal development of erythroid
and megakaryocytic cells.”>!® The mutations lead to exclusive
expression of a truncated GATA1 protein (referred to as GATAs)

sion (or complete absence) of GATA1 in megakaryocytes leads to
increased proliferation and deficient maturation as well as a
reduced number of circulating platelets.’>2 Mice harboring a
heterozygous GATA I knockdown allele frequently develop erythro-
blastic leukemia.?! These observations indicate that the expression
levels of GATAl are crucial for the proper development of
erythroid and megakaryocytic cells and compromised GATAI
expression is a causal factor in leukemia.?? Nevertheless, the
impact of a quantitative deficit of the factor on the pathogenesis of
TAM and ML-DS has not been examined.

In this study, we classified the GATA] mutations observed in
TAM patients according to the types of transcripts, and investigated
the modalities of gene expression by in vitro transfection assays
using GATAI expression constructs. We report here that the
spectrum of the transcripts derived from the mutant genes affects
protein expression and the risk of progression from TAM to
ML-DS.
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Methods

Patients

This study was approved by the Ethics Committee of Hirosaki University
Graduate School of Medicine, and all clinical samples were obtained with
informed consent from the parents of all patients with TAM, in accordance
with the Declaration of Helsinki. The following clinical data were collected:
sex, gestational age, birth weight, time of diagnosis, symptom at diagnosis,
and clinical presentation. The following laboratory data were obtained: a
complete blood cell count at diagnosis including WBC and the percentage
of blasts in the peripheral blood, coagulation parameters, liver enzymes
(alanine aminotransferase and aspartate aminotransferase), and total biliru-
bin. The procedure for the detection of GATA]/ mutations was described
previously."> Genomic DNA was directly extracted from peripheral blood
or bone marrow with the QIAamp blood mini kit (QIAGEN). Total RNA
was extracted from white blood cells prepared by removal of erythrocytes
by hypotonic buffer treatment of peripheral blood. Clinical features,
outcomes, and characteristics of GATAI mutations are indicated in Table 1.

Construction of GATA1 expression vectors

To construct GATA] minigene expression vectors, fragments of the normal
human GATA! gene from a part of intron 1 to the stop codon located on
exon 6 were amplified by polymerase chain reaction (PCR; Prime STAR
HS: Takara Bio) and subcloned to mammalian expression vector pcDNA3.1
(+)/Neo (Invitrogen). To introduce mutations identical to those observed in
TAM patients into the expression vector, the regions containing mutations
were amplified by PCR from patient samples and inserted into the
expression plasmid. To construct expression vectors carrying cDNA,
we performed PCR using cDNA derived from baby hamster kidney
21 (BHK-21) cells transfected with GATA]/ minigene vectors. The PCR
products were subcloned to pcDNA3.1(+)/Neo. Details of the sequence of
each expression construct are described in Table 2.

Transfection

BHK-21, a baby hamster kidney fibroblast cell line, was cultured
with Dulbecco modified Eagle medium supplemented 10% fetal bovine
serum. GATA! expression vectors were transfected into BHK-21 cells
using FuGENE HD transfection reagent (Roche Diagnostics) according
to the manufacturer’s methods. After 24 hours, protein and total RNA
were extracted.

Western blot analysis

Lysates of transfected BHK-21 cells were transferred to Hybond-P
(GE Healthcare) and processed for reaction with anti-GATAI antibody
M-20 (Santa Cruz Biotechnology) or anti-neomycin phosphotransferase
IT (NeoR) antibody (Millipore) as described previously.??

Northern blot analysis

Two micrograms of total RNA were transferred to Hybond-N+ (GE
Healthcare) and hybridized with GATAI or NeoR DNA probe. Hybridiza-
tion and detection were performed with the Gene Images AlkPhos Direct
Labeling and Detection System (GE Healthcare) according to the manufac-
turer’s instructions.

RT-PCR

To detect alternatively spliced transcripts derived from GATA! minigene
constructs or from patients’ peripheral blood mononuclear cells (obtained
by Ficoll-Hypaque fractionation), we performed reverse transcription
(RT)-PCR using primers T7: 5 AATACGACTCACTATAG 3’ and GATAL
ASl1, and GATA1 S1 and GATAl ASI, respectively.!? Densitometric
analyses were performed by the Quantity-One software (Version 4.5.2;
Bio-Rad Laboratories).
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Statistical analysis

The cumulative incidence of the progression to ML-DS was analyzed with
the Gray test. Differences in the distribution of individual parameters
among patient subsets were analyzed using the Pearson x? test or Fisher
exact test for categorized variables and the Mann-Whitney U test for
continuous variables. The univariate Cox proportional hazards model was
used to obtain the estimates and the 95% confidence interval of the relative
risk for prognostic factors.

Results
Patient characteristics and outcomes

From 2003 to 2008, we screened GATA! mutations in clinical
samples obtained from 78 patients with TAM upon request from
referring hospitals. Acquired GATAI mutations were detected in a
total of 72 (92.3%) patients among them. Of the 72 patients,
6 harbored multiple GATA ] mutant clones and were excluded from
this study because we could not determine a dominant clone in
these patients. Those 6 have not progressed to ML-DS. For the
remaining 66 patients (32 male and 34 female), the clinical
characteristics and laboratory data at diagnosis are described in
Table ! and summarized in Table 3. Early death within the first
6 months of life occurred in 16 patients (24.2%). The covariates
correlated with early death were as follows: EGA, low birth weight,
high WBC count at diagnosis, high percentage of peripheral blast
cells, complication of effusions, and bleeding diatheses. These
prognostic factors were identified in previous studies.’>”’ Eleven
(16.7%) cases subsequently developed ML-DS. The median age at
diagnosis of ML-DS was 396 days (range 221-747 days). Univari-
ate analysis revealed no covariates correlated with progression to
ML-DS except the low total bilirubin level at diagnosis (P = .023).

GATA1 mutations affect expression levels of GATA1s protein

We first asked whether the spectrum of transcripts derived from the
mutant GATA! genes affected the expression levels of the transla-
tion products. The transcripts coding GATA1s protein were catego-
rized into 3 groups as follows: loss of the first methionine, splicing
errors, and premature termination codon (PTC). Furthermore, the
PTC group was divided into 2 subcategories by the location of
introduced PTC. In this report, we refer to the mutation that causes
PTC before the second methionine at codon 84 as PTC type 1, and
after codon 84 as PTC type 2. We constructed cDNA expression
vectors for each class of mutations observed in TAM patients, and
transfected these constructs into BHK-21 cells (Figure 1). The
details of the GATA! mutations are described in Table 2. Western
blot analysis revealed that GATA s proteins were most abundantly
expressed in mutants with splicing errors. The transcripts from
mutants that had lost the first methionine were also efficiently
translated. In contrast, in the cells expressing PTC type 1 or type
2 constructs, GATA s expression levels were uniformly low. Note
that the translation efficiency of the PTC type 2 transcripts was
lowest among them.

To test the possibility that mutations in GATA 7 have an effect on
the quantity of the transcripts, we next prepared human GATAl
minigene expression vectors, and assessed the expression levels.
Consistent with the results using cDNA expression vectors, West-
ern blot analysis showed that the expression levels of GATAls
were lower in cells expressing PTC type 2 mutations, whereas the
expression levels of the proteins from PTC type 1 mutations were
not uniformly low (Figure 2Ai). Northern blot analysis revealed
that the lowest expression levels of GATA1 mRNAs were observed



