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Acquisition of additional genetic and/or epigenetic abnormalities
other than the BCR/ABL fusion gene is believed to cause disease
progression in chronic myeloid leukemia (CML) from chronic phase to
blast crisis (BC). To gain insights into the underlying mechanisms of
progression to BC, we screened DNA samples from CML patients
during blast transformation for mutations in a number of transcrip-
tion factor genes that are critical for myeloid–lymphoid development.
In 85 cases of CML blast transformation, we identified two new
mutations in the coding region of GATA-2, a negative regulator of
hematopoietic stem/progenitor cell differentiation. A L359V substi-
tution within zinc finger domain (ZF) 2 of GATA-2 was found in eight
cases with myelomonoblastic features, whereas an in-frame deletion
of 6 aa (�341–346) spanning the C-terminal border of ZF1 was
detected in one patient at myeloid BC with eosinophilia. Further
studies indicated that L359V not only increased transactivation activ-
ity of GATA-2 but also enhanced its inhibitory effects on the activity
of PU.1, a major regulator of myelopoiesis. Consistent with the
myelomonoblastic features of CML transformation with the GATA-2
L359V mutant, transduction of the GATA-2 L359V mutant into HL-60
cells or BCR/ABL-harboring murine cells disturbed myelomonocytic
differentiation/proliferation in vitro and in vivo, respectively. These
data strongly suggest that GATA-2 mutations may play a role in acute
myeloid transformation in a subset of CML patients.

blast crisis � chronic phase � genetic alteration � transcriptional regulation

Chronic myeloid leukemia (CML), a malignant clonal disorder of
hematopoietic stem/progenitor cells, accounts for �15% of all

adult leukemias. Typically the disease develops in three phases. An
initial chronic phase (CP) is characterized by massive expansion of
the granulocytes lasting �3–6 years. The disease then progresses,
often through an accelerated phase (AP), to a terminal blast crisis
(BC) that manifested by a block of cell differentiation resulting in
accumulation of myeloid or lymphoid blasts in peripheral blood
and/or bone marrow (BM) (1). Treatments including allogeneic
hematopoietic stem cell transplantation and the administration of
tyrosine kinase inhibitors such as Gleevec can slow down disease
progression and greatly improve clinical outcome, but the advent of
blast transformation (AP/BC) remains a challenge for physicians.

The discovery of the hallmark chromosomal translocation t(9;22)
(Ph chromosome) and subsequent cloning of the BCR/ABL fusion
gene have opened a new era in understanding CML. The fusion of
BCR sequences adds new regulatory domains/motifs to ABL and
increases its tyrosine kinase activity. Numerous studies have dem-
onstrated that BCR/ABL is the major cause of CML, but the
molecular mechanisms underlying BC are yet to be clearly defined
(2). In the initial CP the granulocytic lineage is expanded, but cells
retain their ability to differentiate. Progression to BC is character-
ized by a dramatic decrease in differentiation capability (3, 4).
Additional genetic events have been reported to be associated with
CML progression, including duplication of the Ph chromosome,
trisomy 8, isochromosome i(17q), and mutations in tumor suppres-
sor genes such as INK4A/ARF, p53, and Rb (5, 6). Mutation of the
p53 was detected in up to 30% of CML myeloid BC (7), whereas

�50% of the patients with lymphoid BC presented a homozygous
deletion at the INK4A/ARF gene locus on chromosome 9, which is
also found in many acute lymphocytic leukemia patients (8).
Chromosomal translocations that are otherwise associated with de
novo acute myeloid leukemia (AML), e.g., t(7;11)(p15;p15) gener-
ating NUP98/HOXA9 and t(3;21)(q26;q22) generating AML1/EVI,
were reported in isolated cases and could be directly implicated in
CML disease progression. Coexpression of AML1/EVI or NUP98/
HOXA9 with BCR/ABL has been shown to induce a myeloblastic
leukemia in mice that resembles CML in blast phase (9, 10).

A number of transcription factors (TFs) have been shown to be
important for normal hematopoiesis. Mutations in these TFs may
impair normal hematopoietic cell differentiation and survival and
therefore collaborate with deregulated tyrosine kinases in leuke-
mogenesis (11). Because CML AP/BC is characterized by a block
of cell differentiation, we hypothesized that alterations in certain
hematopoiesis-regulating TFs may play critical roles in CML blast
transformation. In a screen of 85 CML cases during AP/BC, we
discovered two new mutations in GATA-2, which might be involved
in acute myeloid transformation in CML.

Results
Identification of GATA-2 Mutations in Myeloid Transformation of CML.
A total of 85 unselected CML patients with blast transformation (28
cases at AP and 57 at BC) were screened for genetic alterations in
the protein-coding and/or promoter regions of 11 hematopoietic
TFs or two key signal transducers, including Notch1, PU.1, C/EBP�,
GATA-1, GATA-2, GATA-3, AML1, CBF�, MYB, ICSBP, p53,
N-Ras, and K-Ras [supporting information (SI) Table 1]. In line
with previous reports (12, 13), mutations in p53 (3/85) gene were
detected in addition to a number of SNPs in C/EBP�, GATA-3,
PU.1, and ICSBP genes. AML1 was found mutated in 11 of 85 cases.
In addition, by sequencing both cDNA and genomic DNA samples
two new mutations were detected in the GATA-2 gene. One T-to-G
substitution was identified in eight cases (9.41%) that did not have
any of the mutations mentioned above (SI Table 2). This mutation
was located within exon 5 of GATA-2 (nucleotide 1075 of the
GATA-2 ORF sequence), which resulted in L359V change at ZF2
domain (Fig. 1 A and E). A small deletion in the GATA-2 gene was
detected in one case (UPN6), causing a deletion of amino acids
341–346 (�341–346) across the border of ZF1, which is immediately
upstream of the GATA-2 L359V mutation (Fig. 1B). The G/T
heterozygosity of GATA-2 at nucleotide 1075 in eight patients was
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confirmed by MALDI-TOF MS, and the highly sensitive allele-
specific PCR revealed that over the disease course this mutation
existed only at AP and BC, but not at CP (Fig. 1 C and D). Leukemic
BM cells from eight cases with L359V and those with the deletion
�341–346 were myeloblast and/or monoblast in morphology (Fig.
1F). We then screened the BM samples from 200 normal subjects
and 233 patients, the latter including 159 cases of primary AML, 30
cases of primary acute lymphocytic leukemia, 25 cases of myelo-
proliferative disorder, and 19 cases of myelodysplastic syndrome,
and we did not detect GATA-2 mutations in any of these cases,
rendering the possibility that these two mutations could belong to
functionally silent SNPs extremely unlikely. Interestingly, the
Wright’s staining of BM samples with the GATA-2 �341–346
deletion also revealed an increased number of eosinophilic cells
(26.5%) (Fig. 1Fh). The 11 patients with AML1 mutations were
characterized by acute myeloblastic transformation without in-
volvement of the monocytic lineage. Clinically, the cases with
GATA-2 mutations showed a very poor prognosis in terms of
disease progression, whereas the AML1 mutation group (n � 11),
like the remaining cases (n � 38) whose detailed disease progres-
sion history records were available, had a more favorable prognosis
(P � 0.05) (Fig. 1G).

Functional Consequences of GATA-2 Mutations in CML Acute Myeloid
Transformation. Both GATA-2 mutations were located within or
close to the N terminus of the ZF2 domain, which is responsible for
DNA binding, self-association, and heterodimerization with the
PU.1 protein (14, 15). To explore the functional aspects of the two
GATA-2 mutants, we tested their transcription-activating proper-
ties on a classic GATA-2 response element-coupled luciferase
reporter. The same amounts of plasmids encoding WT GATA-2,
GATA-2 L359V, or �341–346 were cotransfected with the reporter
into 293T cells. Interestingly, compared with wtGATA-2, the
GATA-2 L359V mutant exhibited a 3-fold higher activation po-
tential, whereas the activity of �341–346 GATA-2 was only half of
its WT counterpart (Fig. 2A), suggesting that L359V is a gain-of-
function mutation for transactivation. EpoR, EDN-1, and P-selectin
are well known GATA-2 target genes (16); therefore, we have
examined the expression of these genes in the primary BM samples
isolated from patients with GATA-2 mutations (two cases with
L359V and one with the deletion) at both CP and AP/BC. Inter-
estingly, EpoR and EDN-1 mRNA levels were elevated in two
patients with L359V at BC (Fig. 2 B and C), but not in the case with
�341–346 deletion. However, compared with CP P-selectin was
increased in all three cases at BC (Fig. 2D). These data strongly

Fig. 1. GATA-2 mutations in myeloid blast transformation of CML. (A) DNA sequencing analyses detect a recurrent T/G heterozygosity at 1,075 nt (coding region
sequence) of GATA-2 exon 5 in both cDNA and genomic DNA samples isolated from BM cells of CML patients during AP/BC. (B) An 18-bp deletion of the GATA-2
gene from nucleotide 1021 to nucleotide 1038 specifically detected at BC phase in a BM sample of patient UPN6. (C) MALDI-TOF MS confirms a GATA-2 T-to-G
mutation within BM cells at BC phase. (D) The detection of the nucleotide 1075 T-to-G mutation in BM samples of three patients by allele-specific PCR at AP/BC
but not at CP. (E) The GATA-2 gene deletion results in a deletion of amino acids 341–346 (�341–346) around the ZF1 domain border. L359V substitution is within
ZF2 domain. (F) Morphological and histochemical examinations of BM samples from patient UPN3 with L359V or from patient UPN6 with �341–346. (a) Wright’s
staining of a BM cellular smear from patient UPN3 at CP. (b–g) Examination on the BM samples from UPN3 at BC. (b) Wright’s staining. (c) Myeloperoxidase
staining, a specific marker of myeloid cells. Note the presence of strong positive, weak positive, or even negative contingents, suggesting the identities of
myeloblasts and monoblasts. (d) Periodic acid Schiff staining. (e) Naphthol AS-chloracetate esterase staining, a marker of granulocytes. ( f) Naphthol AS-D acetate
esterase (NAS-DAE) staining. (g) Inhibition of NAS-DAE staining by sodium fluoride, a test to distinguish granulocytes from monocytes. (h) Wright’s staining of
BM samples from UPN 6 at BC shows the presence of eosinophilia. (G) Disease progression of CML patients with GATA-2 mutation compared with those without
GATA-2 mutation.
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suggested that the L359V and �341–346 mutations confer
potentiated transcriptional properties onto the wtGATA-2 protein.

The gain of function in transcriptional activity of TFs could be
attributed to enhanced interactions with coactivators, diminished
association with corepressors, and/or enhanced binding to cognate
DNA target sites. As shown in Fig. 2E, wtGATA-2 and the two
GATA-2 mutants exhibited nearly identical binding to corepressor
histone deacetylase 1 (HDAC1), but GATA-2 L359V mutant
showed an increased binding affinity to the coactivator CREB-
binding protein (CBP). L359V mutant protein also appeared to
have a higher affinity for the cognate DNA binding site of GATA-2
(Fig. 2F). Therefore, GATA-2 L359V may recruit coactivators
more effectively, thus resulting in an increased transactivation of its
target genes.

GATA-2 Mutants Interfere with PU.1 Function. In addition to regu-
lating erythropoiesis, both GATA-1 and GATA-2 play negative
regulatory roles in early myelopoiesis by directly inhibiting the
activity of PU.1 via a physical interaction of its ZF2 domain with the
PU.1 molecule (14, 17). We therefore address whether the two
GATA-2 mutants have altered binding properties to PU.1. As
shown in Fig. 3A, like wtGATA-2, the two MYC-tagged GATA-2
mutants retained their abilities to physically associate with PU.1,
and by using two-way immunoprecipitation assays all three proteins
were found in the coprecipitates containing PU.1. A GST pull-
down assay demonstrated that the GATA-2 L359V mutant, but not

�341–346, enhanced binding to PU.1 (Fig. 3B); however, both
mutants inhibited ability of PU.1 to activate the M-CSFR promoter-
based luciferase reporter more effectively than the wtGATA-2 (Fig.
3C). On the other hand, compared with the WT protein, two
GATA-2 mutants did not affect the activity of C/EBP� (Fig. 3D).
To further understand the molecular mechanisms, we measured the
competitive PU.1-binding affinities of two GATA-2 proteins with
c-JUN, a cofactor required for PU.1 transactivation (Fig. 3E).
Consistent with the increased inhibitory effect on the expression of
PU.1 target genes, GATA-2 L359V decreased the binding of c-JUN
with the PU.1 protein to a greater extent than the wtGATA-2.

Enhanced Activity of GATA-2 Mutants Interferes with Myelomonocytic
Differentiation/Proliferation. As first step we chose an in vitro
differentiation model of myeloid leukemia to examine the func-
tional consequences of the two GATA-2 mutants on granulocytic
and monocytic differentiation programs. 1,25-(OH)2-vitamin D3
(VitD3) induced a clear monocytic differentiation of wtGATA-2
transfected HL-60 cells as reflected by expression of monocyte
surface markers CD14 and CD11b as well as morphological ap-
pearance. However, HL-60 cells with GATA-2 L359V, or to a lesser
extent �341–346, were refractory to differentiation induction by

Fig. 2. GATA-2 L359V has enhanced transcriptional activity on target genes.
(A) Transfection assays were conducted in 293T cells using a GATA-2 response
element-coupled luciferase reporter, with wtGATA-2-, GATA-2 L359V-, or
�341–346 mutant-expressing plasmid. (B–D) Examination of mRNA levels of
EpoR, EDN-1, and P-selectin using real-time RT-PCR in BM samples isolated at
either the CP or BC stage of indicated patients (n � 3). (E) Comparison of the
binding affinities of three different GATA-2 proteins with CBP or HDAC1 in a
GST pull-down assay. (F) Gel-shift assay on the specific binding of the three
GATA-2 proteins with a DNA probe containing a classic GATA-2 response
element.

Fig. 3. GATA-2 mutants exhibit enhanced inhibition on the transcriptional
activity of PU.1. (A) GATA-2 mutants physically associate with PU.1 in vivo.
Flag-tagged PU.1 cDNA plus one of three c-Myc-tagged GATA-2 cDNAs were
cotransfected into Cos-7 cells. Left shows that the immunoprecipitation of
whole-cell lysates by anti-Myc antibodies coprecipitates the PU.1 protein.
Right shows that, in a reverse way, PU.1 antibody-mediated precipitates
contain three GATA-2 proteins, as probed by an anti-c-Myc antibody. (B Left)
Different doses of GST-wtGATA-2, GST-GATA-2 L359V, or GST-�341–346 mu-
tant and GST were used to pull down the lysates of the PU.1-transfected Cos-7
cells. (B Right) Coomassie blue staining confirms the quantification of GST
fusion proteins by Bradford assay. (C) The M-CSFR promoter-coupled lucif-
erase reporter plasmid was cotransfected into Cos-7 cells, with different doses
of wtGATA-2 or GATA-2 mutant expression plasmids as indicated. The relative
luciferase units are expressed as mean � SD. *, P � 0.05. (D) G-CSFR promoter-
coupled luciferase reporter was cotransfected with different doses of plasmids
as shown in C. (E) GATA-2 L359V competes with c-JUN on binding to PU.1.
Combinations of different amounts of 35S-labeled GATA-2 and c-JUN as indi-
cated were incubated with the GST-PU.1 protein. Pull-down efficiencies of
GATA-2 and c-JUN by PU.1 were examined by autoradiography.
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VitD3 (Fig. 4 B and C). The cells expressing the GATA-2 mutants
also displayed diminished up-regulation of myeloid differentiation
antigens CD11b and CD14 by all-trans-retinoic acid (ATRA) as
compared with those expressing the wtGATA-2 (Fig. 4A); there-
fore, interference of the GATA-2 L359V and �341–346 with the
myelomonocytic differentiation program of HL60 cells is likely due
to attenuating effects on PU.1 function.

5-FU-treated BM cells were cotransduced with wtGATA-2 or
GATA-2 L359V cDNA and BCR/ABL (p210) and then trans-
planted into syngeneic recipients (SI Fig. 5A). At 3–5 weeks after
BM transplantation, BCR/ABL induced a lethal granulocytosis in
mice as expected (20/20 in three separate experiments), with a
mean survival time of 28.6 days (SI Fig. 5 B and C). Interestingly,
in contrast to granulocytic cell predominance in BCR/ABL mice,
monocytic cells (Gr-1low/� and F4/80�) are the majority of GFP�

cells (an average of 80% at 19 days after BM transplantation) in
GATA-2 L359V�BCR/ABL/GFP mice (SI Fig. 5C and data not

shown). The fraction of monocytic cells was also increased in
wtGATA-2�BCR/ABL/GFP mice, albeit to a lesser extent (an
average of 50% at 19 days after BM transplantation) (SI Fig. 5C and
data not shown). This result indicates that GATA-2 overexpression
alters myelomonocytic differentiation of BCR/ABL-harboring he-
matopoietic stem/progenitors and that this activity of GATA-2 is
dramatically increased by the L359V mutation.

Similar to the previously reported negative effects of wtGATA-2
overexpression on normal hematopoiesis, the overexpression of
either of the two GATA-2 cDNAs (WT or L359V) inhibited
proliferation of BCR/ABL-harboring hematopoietic stem/
progenitors, resulting in the rescue of 80–90% lethal effects of
BCR/ABL-induced granulocytosis (SI Fig. 5B). A total of 19.2%
(5/26) of mice transduced with wtGATA-2�BCR/ABL/GFP and
12% (3/25) of mice transduced with GATA-2 L359V�BCR/ABL/
GFP did develop a fatal disease for, on average, 38.6 and 41.3 days,
respectively. At the time of death, 20–30% monocyte-like cells in
peripheral blood and BM were detected in both wtGATA-2�BCR/
ABL/GFP and GATA-2 L359V�BCR/ABL/GFP mice compared
with 3–4% in BCR/ABL alone mice (Fig. 4D and SI Fig. 5B).
However, although the percentage of monocytic cells is about the
same as in the diseased wtGATA-2�BCR/ABL/GFP and GATA-2
L359V�BCR/ABL/GFP mice, pathological examination revealed
that the monocytic cells in wtGATA-2�BCR/ABL/GFP mice are
morphologically normal, whereas monocytic cells in GATA-2
L359V�BCR/ABL/GFP mice have an atypical morphology, indi-
cating incomplete differentiation. This result suggests that GATA-2
L359V not only has gain of function in altering myelomonocytic
differentiation of BCR/ABL-harboring hematopoietic stem/
progenitors, but also disturbs full differentiation of monocytic cells.
Similar observations were made in two repeated experiments.

Discussion
CML has long been considered a unique model for studying the
multistep processes of leukemogenesis. More than 95% of CML
cases are associated with the presence of the Ph chromosome and
the BCR/ABL fusion gene (18). Numerous studies show that
BCR/ABL endows the malignant cells with survival and/or growth
advantages via multiple pathways such as RAS (19), PI-3K/Akt
(20), STAT5 (21), and cell cycle deregulation (22). However,
cellular differentiation programs do not appear to be major targets
of BCR/ABL, because at CP the Ph chromosome exists in most of
the differentiated hematopoietic cells. Therefore, a differentiation
arrest leading to the accumulation of immature hematopoietic cells
at AP/BC is believed to arise from the occurrence of new genetic
or molecular abnormalities in the affected clone.

Among several reported molecular events associated with CML
acute transformation, p53, INK4A/ARF, and RB abnormalities
mainly deregulate the cell cycle (7, 8). Lineage commitment and
differentiation abilities of p53�/� progenitors were not affected,
suggesting that loss of p53 per se does not cause differentiation
arrest. AML-related fusion genes NUP98/HOXA9 and AML1/EVI
could cooperate with BCR/ABL to induce CML BC in animal
models, but only AML1/EVI inhibited cell differentiation (23).
The exact mechanisms by which these genetic events lead to
differentiation block remain to be determined.

Evidence from both human and animal studies suggests that
molecular defects of essential signaling molecules like protein
tyrosine kinases usually lead to a CML-like phenotype, whereas
involvement of TFs mainly results in myelodysplastic syndrome
(24). For a full-blown acute leukemia phenotype to occur, both
events may be required. Based on this rationale, we hypothesized
that involvement of TFs should be critical in CML acute transfor-
mation. In line with this hypothesis, we have identified specifically
in CML-AP/BC mutations in GATA-2 and AML1, two TFs essen-
tial for early hematopoiesis and stem cell self-renewal. Interestingly,
despite the fact that the GATA-2 mutant with a �341–346 deletion
behaved slightly differently from that with L359V, all of the eight

Fig. 4. Enhanced activities of GATA-2 interfere with myelomonocytic dif-
ferentiation/proliferation. wtGATA-2- and GATA-2 mutant-expressing plas-
mids were stably transfected into HL-60 myeloid leukemia cells. One set of
representative results from four independent transfection experiments is
shown. (A) CD11b (Left) or CD14 (Right) levels were monitored along with 1 �
10�6 M ATRA-induced granulocytic differentiation of indicated HL-60 cells by
flow cytometry (means � SD). P values indicate the comparisons between
GATA-2 mutants and wtGATA-2. (B) CD11b and CD14 levels were analyzed at
24 or 48 h after treatment with 1 � 10�7 M VitD3 as in A. (C) Wright’s staining
of indicated HL-60 subclones before and after 48 h of treatment with ATRA or
VitD3. (D) GATA-2 L359V�BCR/ABL/GFP induced a myelomonocytic leukemia-
like disease in transduced cell-transplanted mice. Morphological pictures of
peripheral blood were taken from deceased recipients under a �100/1.0
oil-immersion objective lens.
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cases with GATA-2 L359V displayed differentiation arrest at my-
eloblast and/or monoblast stages, and the �341–346 deletion was
associated with myeloblastic crisis with eosinophilia. At the cellular
level, GATA-2 mutations disturbed VitD3- or ATRA-induced
myelomonocytic differentiation of HL-60 cells, a scenario consis-
tent with the lineage identity of blast cells found in patients.
Likewise, when introduced into BCR/ABL-harboring hematopoi-
etic cells, GATA-2 L359V also reprogrammed the myelomonocytic
differentiation of transduced myeloid progenitors in vivo. This gain
of function of GATA-2 L359V may underline the blast crisis with
the myelomonocytic phenotype observed in patients. The unfavor-
able outcome of patients with the GATA-2 L359V mutation as
compared with the AML1 mutation group and the remaining
patients observed here suggests that this mutation may also serve
as a useful prognostic marker.

Our data also suggest that GATA-2 mutations might mediate
CML transformation through two different molecular mech-
anisms. First, GATA-2 L359V is a gain-of-function mutation
leading to enhanced DNA binding and coactivator recruitment
when compared with WT protein. In particular, the L359V
mutant showed enhanced transactivation of target genes in
vivo. Second, both GATA-2 mutations repressed the transcrip-
tion activation function of myeloid master regulator PU.1 via
aberrant protein–protein interaction. It has been previously
reported that PU.1 and C/EBP� are two major TFs for myeloid
cell differentiation. PU.1 regulates both granulocytic and
monocytic maturation, whereas C/EBP� mainly regulates
granulocyte maturation (25, 26). Partial inactivation of PU.1 in
adult mice led to the development of myeloid leukemia (27),
whereas mice with targeted disruption of C/EBP� demon-
strated a selective block of granulocyte differentiation (28).
Clinically, heterozygous PU.1 or C/EBP� mutations were
associated with AML, and PU.1 and C/EBP� are down-
regulated or inactivated in certain AML patients (29, 30). We
have demonstrated that GATA-2 L359V possessed a higher
propensity to bind PU.1 and consequently exerted a stronger
repressing effect on PU.1 transactivation. The GATA-2 pro-
tein has two zinc fingers, ZF1 (aa294–344) and ZF2 (aa349–
398). The ETS domain of PU.1 can bind to either GATA-2 ZF2
or c-JUN, but the functional consequences are opposite:
GATA-2 binding represses whereas c-JUN binding enhances
the transactivation functions of PU.1 (14, 31). Our results show
that both GATA-2 L359V and �341–346 mutants repress PU.1
activity more effectively than wtGATA-2, although with dis-
tinct molecular mechanisms. The two GATA-2 mutants did
not show enhanced repressing effects on C/EBP�, most likely
because of the fact that interaction between GATA-2 and
C/EBP is mainly mediated by a region from amino acid 377 to
amino acid 415 of GATA-2 that is probably not affected by
observed mutations (32).

It is of interest to know at which stage of CML the mutations in
TFs arise in hematopoietic cells. Our observation that mutation of
GATA-2 was detected only at AP/BC but not at CP by using a highly
sensitive allele-specific PCR seems to be in favor of the view that
the additional mutations in CML AP/BC represent secondary
genetic events in BCR/ABL oncogene-containing cells. It has been
shown that BCR/ABL proteins may translocate from the cytoplasm
to the nucleus where they interfere with DNA repair by interacting
with effectors of the ataxia telangiectasia and rad 3-related (ATR)
protein, a phenomenon that may underlie the genomic instability of
the CML clone (33). BCR/ABL also down-regulates DNA repair
protein DNA-PKcs (34) and BRCA1, the latter being shown to play
a major role in the maintenance of genome integrity (35) in
response to DNA damage (36, 37). The mutator phenotype of
BCR/ABL is also associated with enhanced expression of DNA
polymerase � (38). All of these events facilitate the generation of
secondary genetic abnormalities that channel the disease toward
acute transformation. For those patients without detectable addi-

tional genetic or molecular abnormalities at AP/BC, consideration
should be given to alternate mechanisms, for example, epigenetic
deregulation or posttranslational modification of important
hematopoietic TFs (39, 40).

Materials and Methods
Patients. All 85 CML patients in this study were diagnosed and followed at
Shanghai Rui Jin Hospital, Renji Hospital, Xinhua Hospital, Huadong Hospital,
Tongji Hospital, Changhai Hospital, Shanghai First People’s Hospital, and Shang-
haiTenthPeople’sHospitalduringtheperiodofApril1996toDecember2004.BM
samples were obtained with informed consent, and then DNA and RNA were
extracted by using standard protocols. Detailed clinical data with regard to the
disease progression were available among nine patients with the GATA-2 gene
mutation, 11 patients with AML1 gene abnormality, and 38 patients among the
remaining cases.

DNA Sequencing, MALDI-TOF MS, and TrueSNP Allele-Specific PCR. PCRs were
carried out by using standard protocols. PCR products were sequenced by ABI
3700 Automatic Sequencer (PE Biosystems). Sequencing was performed in trip-
licate, and mutations were double-checked at both genomic DNA and cDNA
samples. In addition, heterozygous mutations were confirmed by MALDI-TOF MS
(Sequenom).TrueSNPallele-specificPCRprimersweresynthesizedbyProligo.The
forward primers are 5	-GCAAATTGTCAGACGACAACCACCACC�TTA-3	 (WT al-
lele primer) and 5	-CAAATTGTCAGACGACAACCACCACC�G-3	 (T-to-G mutation
allele primer).

Plasmid Constructions. cDNAs containing full-length wtGATA-2, GATA-2 L359V,
and �341–346 mutants were cloned by RT-PCR from patients’ BM samples. EcoRI
and XhoI were used for cloning into the pcDNA3.1/Myc-His(�)B vector (Invitro-
gen) or pGEX-4T-2 (Amersham Pharmacia). PU.1 and C/EBP� cDNA were inserted
into the pFLAG-CMV4 vector (Sigma) via HindIII and BamHI. The M-CSF receptor
promoter sequence (�416 to 124) was cloned by PCR into the pGL4.15 vector
(Promega), which was designated as pGL4.15-M-CSF-R-Luc. The G-CSF receptor
promoter sequence (�1097 to 194) was cloned into pGL3 (Promega) via KpnI and
BglII sites and designated as pGL3-G-CSF-R-Luc. A NcoI-MluI-NotI-NcoI adaptor
was cloned into the NcoI site of the retroviral vector MSCV-IRES-GFP (a kind gift
from Warren S. Pear, University of Pennsylvania, Philadelphia). wtGATA-2 or
GATA-2 L359V cDNA was cloned to the XhoI and EcoRI sites of the modified
MSCV-IRES-GFP vector. BCR/ABL cDNA was cloned to the MluI and NotI sites of
modified MSCV-IRES-GFP. SI Fig. 5A shows a schematic diagram of all retroviral
constructs.

Cell Culture and Transient Transfection Assay. 293T and Cos-7 cells were grown
in DMEM supplemented with 10% FBS (HyClone). wtGATA-2-, GATA-2 L359V-, or
�341–346-encoding plasmids were cotransfected with CD34�2-Luc reporter
plasmid (kindly provided by Tariq Enver, Weatherall Institute of Molecular Med-
icine, Oxford, U.K.), or an internal control pRL-SV40 plasmid (Promega) into 293T
or Cos-7 cells using SuperFect transfection reagent (Qiagen). Luciferase assays on
pGL4.15-M-CSF-R-LucorpGL3-G-CSF-R-Lucwereperformedbythesamemethod.
Luciferase activity was measured in a Luminometer with the Dual-Luciferase
Reporter Assay System (Promega).

Drug-Induced Cell Differentiation. VitD3- and ATRA-induced cell differentia-
tion experiments were carried out as previously described (41).

Gel-Shift Assay. wtGATA-2, GATA-2 L359V, and �341–346 mutant proteins were
generated in vitro by using a TNT-coupled rabbit reticulocyte lysate system
(Promega). The GATA-2 response element probe (5	-cacttgataacagaaagtgata-
actct-3	) was used in this experiment. The experiment was performed in
accordance with previously described protocol (42).

Quantitative Real-Time RT-PCR. After reverse transcription, real-time PCR was
performed by using a SYBR Green PCR Master Mix (Applied Biosystems). The
18S rRNA was coamplified as an endogenous control.

In Vitro Protein/Protein Binding Assay. The in vitro interactions between differ-
entGATA-2andCBPorHDAC1proteinsweremeasuredwithpreviouslydescribed
procedures (42). Examination on the interaction between different GATA-2
proteins with PU.1 was performed with the same protocol except that the
purified GST-wtGATA-2, GST-GATA-2L359V, and GST-�341–346 GATA-2 proteins
were incubated with the whole-cell lysates of pFLAG-CMV4-PU.1 transfected
Cos7 cells. [35S]Methionine-labeled GATA-2 and c-JUN were in vitro translated by
using a TNT-coupled rabbit reticulocyte lysate system (Promega). Different
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amounts of GATA-2 and c-JUN were incubated with GST-PU.1. A GST pull-down
experiment was performed as described above.

Coimmunoprecipitation. A total of 10 �g of different GATA-2-expressing
plasmids was cotransfected with 10 �g of PU.1-expressing plasmid into Cos-7
cells. pcDNA3.1/MYC-His(�)B vector and pFLAG-CMV4 vector were used as
transfection mocks. Whole-cell lysates after 48 h were extracted with RIPA
buffer (Sigma). A total of 500 �g of proteins from each lysate was immuno-
precipitated by either mouse anti-MYC (Santa Cruz Biotechnology) or rabbit
anti-PU.1 (Santa Cruz Biotechnology) antibody at 4°C overnight and probed
with mouse anti-Flag M2 monoclonal antibody (Sigma) or mouse anti-MYC
antibody (Santa Cruz Biotechnology) using a standard protocol.

Viral Preparations and BM Reconstitution Assay. Retroviral supernatants were
generated, and BM transplantation was performed as described (43). All of the
retroviral titers for the mouse experiments were matched to �40–45% GFP� NIH
3T3 cells. Total cell lysates from infected NIH 3T3 cells were processed for Western
blot as described (44). The following primary antibodies were used: anti-ABL3,

anti-GATA-2 (Santa Cruz Biotechnology), and anti-dynamin (Affinity
Bioreagents).

Hematopathologic Analysis and Flow Cytometry. Smears and cytospin were
stained with the Hema 3 stain set (Fisher) for routine cell morphology. Peripheral
bloodor single-cell suspensionsofmurinetissueswerepreparedandstainedwith
phycoerythrin- or allophycocyanin-conjugated mouse antibodies (BD
Pharmingen) for flow cytometry as previously described (10).
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