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Abstract

Objective The aim of this study was to evaluate the
diagnostic accuracy of positron emission tomography
(PET) with 2-["*F]fluoro-2-deoxy-p-glucose (*F-FDG)
for staging/restaging, evaluating the treatment response,
and screening of recurrence in patients with malignant
lymphoma (ML) during long-term follow-up, and to
compare that with computer tomography (CT)/magnetic
resonance imaging (MRI).

Methods The study was conducted in 59 ML patients
who underwent whole-body "F-FDG-PET examina-
tions three times or more from October 1998 to August
2006. The location of the lesions in the patients with
positive findings on "F-FDG-PET and/or the corre-
sponding CT/MRI was classified into supradiaphrag-
matic (n=10), infradiaphragmatic (n =7), and extranodal
sites (n = 20), and the findings were compared on a site
basis according to the gold standard, which consisted of
all clinical information available, including follow-up
results.

Results A total of 136 "F-FDG-PET examinations for
which the corresponding CT/MRI images were also
available were evaluated, and a total of 305 sites showed
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positive findings on "F-FDG-PET and/or CT/MRL
Concordant positive findings were obtained in 76% for
staging/restaging, 34% for evaluation of the treatment
response, and 50% for screening of recurrence. The accu-
racy of *F-FDG-PET versus CT/MRI was 92% versus
84% (P = 0.06) for staging/restaging, 84% versus 50%
(P < 0.05) for the evaluation of the treatment response,
and 83% versus 72% (P = 0.21) for the screening of
recurrence. At pathologic sites with discrepant findings
between *F-FDG-PET and CT/MRI (n = 122), the fre-
quency of accurate diagnosis by "F-FDG-PET (76%)
was higher than that by CT/MRI (24%), especially for
the evaluation of the treatment response.

Conclusions ""F-FDG-PET is expected to play a signifi-
cant role in the management of ML patients even after
effective treatment is initiated.

Keywords Fluorodeoxyglucose - FDG - PET -
Malignant lymphoma - Treatment response

Introduction

Hodgkin's lymphoma (HL) accounts for less than 1% of
all cases of cancer, whereas non-Hodgkin’s lymphoma
(NHL) accounts for about 5% of all cases of cancer [1].
Malignant lymphoma (ML) shows the characteristics
of a systemic disease, and its treatment is generally
dependent on chemotherapy or radiotherapy, and not
on surgery. In recent years, some types of lymphoma
may be curable because chemotherapy, immunotherapy,
and radiotherapy have all shown remarkable advances
[2, 3]. However, ML is usually characterized by repeated
remissions and recurrences during the follow-up period
after therapy, and patients with recurrences require
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repeated courses of additional treatment. The prognosis
of these patients may be improved by earlier recogni-
tion of the activity of the ML lesions and earlier
institution of adequate therapy.

In recent years, positron emission tomography (PET)
with 2-[*FJfluoro-2-deoxy-p-glucose (*F-FDG) has
become a well-established modality for evaluating ML
patients. In the most common types of ML (e.g., diffuse
large B cell NHL, follicular NHL, mantle cell NHL, and
HL) that show significant ""F-FDG uptake, the sensitiv-
ity of ""F-FDG-PET has been reported to exceed 80%,
which is superior to that of computer tomography (CT)
[2. 4-8]. In a meta-analysis of the staging methods used
for ML patients, the pooled sensitivity of "F-FDG-PET
was reported to be 90.9% [9]. However, to the best of
our knowledge, few reports have been published on
the long-term follow-up of ML patients with multiple
imaging examinations [10-12]. Clinical information
about ML patients undergoing long-term follow-up is of
significance, and the imaging findings in relation to such
information may be expected to be more reliable. We
conducted a retrospective review of the '"F-FDG-PET
findings in ML patients undergoing long-term follow-up
with multiple imaging examinations, and evaluated the
diagnostic accuracy of "F-FDG-PET for staging/restag-
ing, evaluation of the treatment response and screening
of recurrence in comparison with that of CT/magnetic
resonance imaging (MRI).

Materials and methods
Patients

This study included 59 ML patients who underwent
whole-body "F-FDG-PET examinations three times or
more from October 1998 to August 2006. A total of 227
"F-FDG-PET examinations were performed on these
patients. The diagnosis of ML had been confirmed his-
topathologically in all the patients. There were 34 men
and 25 women patients (median age 54 years; range 18-
78); 4 patients had HL, and 55 had NHL. The patient
characteristics are presented in Table 1. All patients gave
an informed consent for both the "“F-FDG-PET and
CT/MRI examinations.

"F-FDG-PET study

A whole-body PET using “F-FDG was performed with
a Headtome-V/SET 2400 W PET System (Shimadzu,
Kyoto, Japan). This device provided 47 slices with
center-to-center distances of 3.125 mm. The intrinsic
spatial resolution was 4.0 mm in plane and 4.3 mm full-

) Springer

Table 1 Patient characteristics

Total no. of patients 59
Median age (years) 54
(range 18-78 years)
Sex
Male £
Female 25

Initial stage (Ann Arbor)
| 1
n 17
m 7

v 24
Total no. of recurrences/patients 6235
Median follow-up in months 19

(range 12-246 months)
Patient status
Alive/dead/unknown
Histology of Hodgkin's lymphoma
Mixed cellularity 3
Nodular sclerosis 1
Histology of Non-Hodgkin's lymphoma
Diffuse large B cell 28
Follicular 17
Mantle cell 2
Burkitt 1
Lymphoplasmacytic |
Lymphoblastic 1
Anaplastic large cell 1
2
|
1

411919

Peripheral T cell
DifTuse mixed B cell
True histiocytic

width at half-maximum axially. Reconstruction with a
Butterworth filter resulted in a final in-plane resolution
of approximately 8 mm full-width at half-maximum.
Data were acquired in the two-dimensional mode. All
emission data were corrected for tissue attenuation by
means of transmission scan with an external source of
“Ge-""Ga [13]. After at least 4 h of fasting, adult patients
received an intravenous injection of approximately
370 MBq of "F-FDG.

Image interpretation

All "F-FDG-PET and CT/MRI were performed at the
same nuclear medicine/radiology department and inter-
preted respectively by the radiologist of the same team
blinded to patient outcome, referring to the results of
individual imaging reports. In all *F-FDG-PET images,
any obvious foci of increased "F-FDG uptake over the
background (i.e., blood pool) not located in areas of
normal ""F-FDG uptake and/or excretion were consid-
ered positive for tumor [14, 15]. Inall the CT/MRIimages.
lymph nodes (LNs) seen on CT/MRI were measured by
their two-dimensional diameter in the transverse plane.
The CT/MRI images were examined for anatomical
abnormalities (e.g., swelling of individual organs, space
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occupying lesion (SOL) in individual organs, soft-tissue
density), as well as abnormal contrast enhancement pat-
terns of solid organs, which were considered to be suspect
lesions. For the purpose of staging and restaging, stan-
dard CT/MRI size criteria for individual LN groups were
used to evaluate pathologic LNs, whereby LNs greater
than 10 mm in the short axis diameter were considered to
be positive [16, 17]. Treatment response on CT/MRI was
assessed by the criteria proposed at the Cotswold Meeting
for HL and the International Working Group for NHL
[18, 19], as follows. Complete remission: regression of all
the LNs to their normal size (1.5 cm in their greatest
transverse diameter for nodes >1.5 cm before therapy),
decrease in the size of nodes measuring 1.1-1.5 cmin their
greatest transverse diameter before therapy to <1 cm after
treatment, or regression by more than 75% of the sum of
the products of the greatest diameters of the LNs; partial
remission: regression by more than 50% of the sum of the
products of the greatest diameters of the six largest domi-
nant nodes or nodal masses. No increase in the size of the
other nodes, liver, or spleen, and no new sites of disease.
In the screening to detect recurrence, the criteria pro-
posed at the Cotswold Meeting for HL, the International
Working Group for NHL., and the Response Definitions
for Clinical Trials were referred to [15, 18-20]. The
appearance of any new lesion and/or increase in size of
prior lesions was considered to represent disease

relapse.

Data analysis

The objective of each "*F-FDG-PET examination was
classified into staging/restaging, evaluation of treat-
ment response, or screening of recurrence. In this study,
restaging was defined as evaluation of the extent of
recurrence just prior to treatment. The locations of
positive findings on ""F-FDG-PET and/or correspond-
ing CT/MRI which were performed within at least |
month, without intervening treatment, were classified
into the following 48 anatomic sites: 10 supradiaphrag-
matic regions, including the right and left cervical, right
and left clavicular, right and left axillary, right and left
hilar, mediastinal, retrocrural, 7 infradiaphragmatic
regions, including paraaortic~iliac, mesenteric, right and
left pelvic, right and left inguinal, and other abdominal
sites, 20 extranodal regions, including maxilla-orbit,
tonsil, thyroid, cervical spine, right and left lung, breast,
chest wall, liver, spleen, right and left adrenal, stomach,
duodenum, colon, rectum, uterus, abdominal wall, bone,
and subcutaneous sites. For each of the examination
objectives, these findings were compared on a site basis
according to the gold standard, which consisted of all
clinical information available, including the results of

the follow-up. For each of the examination objectives,
the rate of concordant positive findings was estimated
and the accuracy of ""F-FDG-PET versus CT/MRI was
evaluated. The sites showing discrepant findings were
also analyzed, and the frequency of correct diagnosis by
®F-FDG-PET in relation to the discrepant findings
was evaluated. The advantages or disadvantages of '*F-
FDG-PET conducted during follow-up on the patient
management were also evaluated in comparison with
the corresponding CT/MRI and the clinical information
obtained from individual medical records.

Of the 227 ""F-FDG-PET examinations, 156 had cor-
responding CT/MRI performed; 53 of the 156 "F-FDG-
PET examinations were performed to evaluate staging/
restaging, 71 to evaluate the treatment response, and 32
for screening of recurrence. The 53 "F-FDG-PET exam-
inations for staging/restaging were compared with the
corresponding CT (neck 28, chest 45, and abdomen 44)
examinations and 6 MRI (brain |, spine 3. upper
abdomen 1, and pelvic 1) examinations. The 71 '*F-
FDG-PET examinations obtained for evaluation of the
treatment response were compared with the correspond-
ing CT (neck 11, chest 28, and abdomen 44) examina-
tions and 6 MRI (spine 2 and pelvic 4) examinations.
The 32 ""F-FDG-PET examinations obtained for screen-
ing of recurrence were compared with the corresponding
CT (neck 9. chest 14, and abdomen 18) examinations
and 6 MRI (spine 3 and pelvic 3) examinations.

Statistical analysis

McNemar's test was used to analyze the symmetry, and
P values were evaluated in relation to the accuracy; P
values of less than 0.05 were considered to be statistically
significant,

Results

A total of 305 sites, 171 in the examinations for staging/
restaging, 88 in the examinations for evaluation of treat-
ment response, and 46 in the examinations for screening
of recurrence, showed positive findings on "F-FDG-
PET and/or CT/MRI. Concordant positive findings were
obtained in 76% (130/171 anatomic sites) for staging/
restaging, 34% (30/88) for evaluation of treatment
response and 50% (23/46) for screening of recurrence.
Two sites showed false-positive findings on both "F-
FDG-PET and CT. In one, the lesion was located in the
ileocolic wall, and was diagnosed as true negative on
MRI. In the other, the lesion was located in the liver,
and in this case, false-positive findings were also obtained
on MRIL.
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Table 2 Concordant positive findings and the accuracy of 2+ "F|fluoro-2-deoxy-D-glucose positron emission lomography (*F-FDG-PET)

and computer tomography (CT)/magnetic resonance imaging (MRI)

Purpose Concordant positive Accuracy of "F-FDG Accuracy of P
findings (%) (number") PET (%) CT/MRI (%)
Staging/restaging T6 (130/171) 92 84 0.06
Evaluation of treatment response 34 (30/E8) 84 50 <0.01
Screening of recurrence 50 (23/46) 83 72 0.21

*Number of concordant sites/total sites

Table 3 Evaluation of discrepant findings between "F-FDG-PET

and CT/MRI

Purpose Number of Frequency of correct
discrepant diagnosis by
sites "F-FDG-PET (%)

Staging/restaging 41 66

Evaluation of treatment 58 76

response
Screening of recurrence 23 63

The accuracy of "*F-FDG-PET versus CT/MRI was
92% versus 84% for staging/restaging, 84% versus 50%
for evaluation of treatment response, and 83% versus
72% for screening of recurrence, respectively. The accu-
racy of "*F-FDG-PET was significantly superior to that
of CT/MRI for evaluation of the treatment response
(P < 0.01). Table 2 shows a summary of the results.

The sites showing discrepant findings between ""F-
FDG-PET and CT/MRI were analyzed. The frequency
of correct diagnosis by "F-FDG-PET was 27 of 41 for
staging/restaging, 44 of 58 for evaluation of treatment
response, and 15 of 23 for screening of recurrence (66%,
76%, and 65%, respectively). The details are shown in
Table 3.

The lesions at these sites showing discrepant findings
were further analyzed. For staging/restaging, normal-
sized LN lesions (18 sites) were correctly diagnosed as
true positive by ""F-FDG-PET, whereas pulmonary
involvement (six sites) was correctly diagnosed as true
positive by CT (Fig. 1). Normal-sized LN lesions located
in the neck, supraclavicular, and inguinal regions on
CT/MRI tended to be diagnosed as true positive by "*F-
FDG-PET, whereas large-sized LN lesions located in the
axillary region on CT/MRI tended to be diagnosed as
true negative by "F-FDG-PET. For evaluation of the
treatment response, post-treatment scars (31 sites), such
as abnormal soft tissue or residual mass seen on CT/
MRI were correctly diagnosed as true negative using
"F-FDG-PET (Fig. 2). whereas pulmonary involvement
(four sites) was correctly diagnosed as true positive using
CT. Residual post-treatment scars in the paraaortic—
iliac, mediastinal, and mesenteric regions and in the

) Springer

stomach on CT/MRI tended to be diagnosed as true
negative by *F-FDG-PET. For screening of recurrence,
normal-sized LN lesions (10 sites) were correctly diag-
nosed as true positive using "*F-FDG-PET, whereas
hepatic involvement (two sites) was correctly diagnosed
as true positive using CT/MRI. Normal-sized LN lesions
located in the neck, supraclavicular, and paraaortic
regions on CT/MRI tended to be diagnosed as true
positive by "F-FDG-PET.

Examination-based analysis revealed that the advan-
tages of "F-FDG-PET performed during the course of
follow-up of ML included correct staging (down: 1
examination) and restaging (up: 2 examinations), earlier
recognition of complete remission (24 examinations)
and partial remission (1 examination), correct evalua-
tion of residual tumor under treatment (2 examina-
tions), detection of recurrence under treatment (1
examination), and earlier detection of recurrence (4
examinations; Fig. 3), and disease extension (1 examina-
tion). The *F-FDG-PET exhibited incorrect evaluation
as understaging (3 examinations), overstaging (1 exami-
nation), false-negative finding of complete remission
(1 examination), and false-positive findings after treat-
ment (6 examinations).

Discussion

This study demonstrated that the treatment response in
patients with ML can be evaluated more accurately by
"F-FDG-PET than by CT/MRL

The course of ML, even after radio-, chemo- and/or
chemoradiotherapy. is characterized by repeated remis-
sions and recurrences throughout the follow-up period.
In recent years, "F-FDG-PET and CT/MRI have fre-
quently been used as the first-line imaging modality for
evaluating ML patients, The accuracy of "F-FDG-PET
for disease staging was reported to be 94% in patients
with HL and NHL, and that of CT 60% in patients with
HL and 73% in patients with NHL [5]. In relation to
therapy monitoring, the accuracy of "F-FDG-PET
versus CT was reported to be 85% versus 54% [21]. For
restaging, which was equal to the follow-up evaluation
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man with recurrence
diffuse large B cell lymphoma
(DLBCL). Axial CT image:
showing no
lung §9 (15
left lung 53 (6 mm, b, d)

Axial "F-FDG-PET images
showing abnormal "F-FDG

ules in the

uJ + in the nodule of the
right lung 59 (e), but no
ubnormal uptake in the
nodule of the left lung 53 ()
Coronal "F-FDG-PET
images showing abnormal
'F-FDG uptake ir
mediastinal, right hilar and
porta hepatis regions, and
stomach (g, h). Arrows on CT
and/or "F-FDG-PET show
mvolvement of DLBCL

Fig. 2 "F-FDG-PET and CT
images obtaned for restaging
(m-¢) and evaluation of
treatment response (d-f) in a
51-year-old woman with
recurrence of lymphoplasma-
cytic lymphoma. Axial and
coronal "F-FDG-PET images
(b, ¢) obtained for restaging
showing abnormal "F-FDG
uptake in the left neck (black
arrows), and the axiul CT
image (a) Ql‘ll\\ul[\? massive
sement in the left neck
{white arrows). Alter
chemotherapy, the axial and
coronal "F-FDG-PET images
(e, M) were negative (black
arrows), but the axial C1T
image (d) showed residual
soft-tissue density (whire
arrow). This patient was
considered to be in complete
remission on the basis of the
clinical follow-up results
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Fig. 3 CT and "F-FDG-PET images obtained lor screening of
recurrence (a-c) and those obtained 18 months later (d-f) in an
18-year-old man with recurrence of HL (nodular sclerosis type).
Axial and coronal "F-FDG-PET images (b, ¢) for screening of
recurrence showmg abnormal "F-FDG uptake in the mediustinal
region (black arrows). The axial CT image (a) showing residual
soft-tissue density (white arrow), which remamed unchanged as

in this study, the accuracy of "F-FDG-PET versus CT
was reported to be 95% versus 84% [10]. Our results for
the patients with ML having long-term follow-up and
receiving multiple imaging examinations were consistent
with those of these prior reports.

The concordance in staging between ""F-FDG-PET
and CT was reported to be 80-90% [4, 22]. In relation
to staging/restaging, 83% of the discrepant findings
between "F-FDG-PET and CT were accurately diag-
nosed by "F-FDG-PET [2]. This study demonstrated
that the frequency of concordant positive findings
between '""F-FDG-PET and CT/MRI was especially
low in relation to the treatment response, and most
of the discrepant findings were correctly diagnosed by
"F-FDG-PET. It has been reported that alterations in
glucose metabolism become evident earlier than mor-
phologic alterations [23-26]. Therefore, "F-FDG-PET
is useful to predict the effectiveness of treatment and
complete remission earlier than that allowed by CT/MRI
in cases of ML [15, 20, 27).

In this study, some cases showed residual masses or
abnormal soft tissue densitics/intensities after treatment

) :
%) Springer
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compared with that in the previous CT images. The patient was
asymptomatic, and was followed up carefully. Eighteen months
later, axial and coronal "F-FDG-PET images (e, f) showed more
imtense uptake (black arrows). The axial CT image (d) also showed
enlurgement of the soft-tissue mass, with abnormal contrast
enhancement inside the mass (whire arrow)

induction for lymphoma, and it was difficult to distin-
guish between viable tumor and necrosis or fibrosis in
these lesions on CT/MRI. However, most of these cases
were diagnosed correctly as complete remission (CR) by
"F-FDG-PET. A number of prior studies have reported
the ability of "F-FDG-PET to distinguish between
viable lymphoma and necrosis or fibrosis in residual
masses following treatment of HL and aggressive NHL
[5, 10, 12, 20, 25, 28-31]. Our results for the patients with
ML having long-term follow-up and receiving multiple
imaging examinations were consistent with those of
these prior reports.

In recent years, follow-up ""F-FDG-PET studies have
been recommended for patients with ML [14, 19, 32, 33].
However, the usefulness of "“F-FDG-PET in the follow-
up of ML patients is yet to be determined. Although
the number of patients was small, we were able to
recognize ML recurrence earlier in four cases using
"F-FDG-PET.

Our results indicated that the frequency of accurate
diagnosis by ""F-FDG-PET was superior to that by CT/
MRI for all purposes, especially for the evaluation of
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treatment response. However, “F-FDG-PET had some
limitations, and there were cases in which CT/MRI
proved to be better. "*F-FDG-PET tended to miss small
tumor foci because of its limited spatial resolution. Small
pulmonary involvement was often missed on ""F-FDG-
PET images in our study. Hepatic involvement not
detectable on ""F-FDG-PET images was accurately
diagnosed by CT/MRI in two patients. In addition, for
patients with subtypes showing a variably "F-FDG avid
and FDG-avidity unknown such as mucosa-associated
lymphoid tissue, lesions should be evaluated with CT/
MRI if a pretreatment "*F-FDG-PET was not performed
or was negative [15, 34, 35].

The "F-FDG-PET/CT, a combined metabolic and
morphologic imaging modality, has been widely used in
clinical practice in recent years. With coregistration of
"F-FDG-PET and CT, an anatomical position of
abnormal accumulation is identified easily, and even in
the case with equivocal or no accumulation, abnormal
lesions are detected with the help of CT. Although the
CT portion of *F-FDG-PET/CT is usually low-dose
non-enhanced CT, it is reported that the sensitivity and
the specificity of "F-FDG-PET/CT are better than those
of contrast-enhanced CT in evaluating LN and organ
involvement in HL or aggressive NHL [1, 36].

There were several limitations of this study. First, not
all the presumed lesions were confirmed histopathologi-
cally. Most of the lesions were compared on a site basis
according to the gold standard, which consisted of all
the clinical information available, including the results
of follow-up, instead of by biopsy. Second, the patient
population was composed of patients with different HL
and NHL subtypes, and the numbers of patients with
some subtypes were limited. In this study, the majority
of the ML population included patients with diffuse
large B cell lymphoma (DLBCL) and the follicular
subtype of lymphoma, subtypes which are known to
show a significant "F-FDG uptake. Third, the number
and interval or area of "F-FDG-PET and CT/MRI
examinations performed actually at the same nuclear
medicine/radiology department varied between ML
patients. In the same patient, to compare the clinical
course with more examinations, ML patients who under-
went ""F-FDG-PET examinations more than three times
at least were selected in this study.

Conclusions

In spite of the several limitations of this study, we con-
cluded that ""F-FDG-PET exhibited higher accuracy
than CT/MRI for evaluation of the treatment response
of ML, Thus, ""F-FDG-PET is expected to play a sig-

nificant role in the management of ML patients even
after effective treatment is initiated.
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In this study, we analyzed the roles for AML1/RUNX1 in the
regulation of the c-mpl promoter. Wild-type AML1 activated
the c-mpl promoter through the proximal AML-binding site in
luciferase assays using 293T and HeLa cells. In accord with this
result, electrophoretic mobility shift assay and chromatin
immunoprecipitation assays demonstrated that AML1 bound to
this site. Next, we analyzed the function of AMLI using a mutant
of AML1 lacking the C terminus (AML1dC), which was origi-
nally found in a patient with myelodysplastic syndromes.
AML1dC dominant-negatively suppressed transcriptional ac-
tivity of wild-type AML1. However, unexpectedly, AML1dC-
transduced murine c-Kit*Scal*Lineage™ cells expressed c-mpl
mRNA and c-Mpl protein more abundantly than mock-trans-
duced cells, which led to the enhanced thrombopoietin-medi-
ated proliferation. Moreover, when AML1dC was induced to
express during the development of hematopoietic cells from
embryonic stem (ES) cells, AML1dC augmented the c-Mpl
expression on hematopoietic stem/progenitor cells. Further-
more, we found that early hematopoietic cells that derived from
AML1*/~ ES cells expressed c-Mpl more intensely than those
that developed from wild-type ES cells. In contrast, AML1dC
hardly affected c-Mpl expression and maturation of megakaryo-
cytes. As for the mechanism of the different roles of AML1 in the
regulation of the ¢-mpl promoter, we found that AML1 forms a
complex with a transcription repressor mSin3A on the c-mpl
promoter in hematopoietic stem/progenitor cells, although it
forms a complex with a transcription activator p300 on the same
promoter in megakaryocytic cells. Together, these data indicate
that AMLI can regulate the c-mpl promoter both positively and
negatively by changing the binding partner according to cell

types.

AML1 (RUNX1) is a family member of heterodimeric tran-
scription factors named core binding factors. AMLI was origi-
nally identified at a breakpoint on human chromosome 21 in
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the t{8;21) translocation and known as the most common tar-
gets of chromosomal translocations in human leukemia (1, 2).
In addition to chromosomal translocations, recent reports have
shown the importance of point mutations of AMLI in hemato-
logical malignancies, such as acute myelogenous leukemia
(AML)? and myelodysplastic syndromes (MDS) (3). The Runt
domain of AML1 is utilized for DNA binding and heterodimer-
ization with a partner PEBP2B/CBFS. Although PEBP2B by
itself does not bind to the DNA. the association with PEBP28 is
necessary for AMLI to elicit its biologic activity (4-6). AMLI
can regulate the transcription of the target gene both positively
and negatively through the binding to the consensus DNA
sequence, TGT/cGGT, possibly dependent on the cellular con-
text and/or its target gene. For example, it positively regulates
the expression cytokines and their receptors in myeloid and
lymphoid lineage cells (7-12), whereas it negatively regulates
CD4 transcription in immature thymocytes (13). Several exper-
iments using conventional and conditional gene targeting in
mice demonstrated that AMLI is essential for the early step in
definitive hematopoiesis (14). North et al (15) revealed that
AML1 is required for the generation of hematopoietic stem
cells (HSCs) from the vitelline and umbilical arteries and from
the aorta-gonad-mesonephros (AGM) region. In addition,
AMLI is necessary for the transitions from the stage of double-
negative (DN)2 to DN3 and DN3 to DN4 in the T-lymphocyte
development (9, 17). Furthermore, AML1 plays an important
role in the maturation of megakaryocytes and platelet produc-
tion. AML1 deletion in adult mice led to the impaired
polyploidization of megakaryocytes and low platelet produc-
tion (17, 18), whereas the number of megakaryocyte progeni-
tors was not altered in these mice, suggesting that AMLI is
indispensable for the terminal maturation of megakaryocytes.
Also, the hereditary loss-of-function mutation of AMLI1 or

2 The abbreviations used are: AML, acute myelogenous leukemia; HSC, hema-
topoletic stem cells; EMSA, electrophoretic mobility shift assay; ES, embry-
onic stem cell; TPO, th bopaletin; ChiP, ch in ¥ precipita-
tion; FACS, fluorescence-activated cell sorter; DMEM, Dulbecco’s modified
Eagle’s medium; FBS, fetal bovine serum; Ab, antibody; MDS, myelodys-
plastic sy : FTC, i ein lsothiocyanate; CLP, common lymph-
old progenitor; GFP, green fluorescent protein; RT, reverse transcription;
DN, double-negative; h, hurnan; m, murine; IL, intedeukin; WT, wild type;
MT, mutant; Tet, tetracycling; SCF, stem cell factor; BFU-E, burst-forming
unit-erythroid; CFU-GM, colony-forming unit-granulocyte macrophage;
CFU-GEMM, colony-forming unit-granulocyte erythrocyte monocyle
macrophage.
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PEBP2B causes familial platelet disorder with predisposition to
AML (FPD/AML), which is characterized by decreased platelet
count and propensity to develop AML (19).

MDS are clonal hematological disorders derived from gene
alteration at a level of HSC (20), which are characterized by
ineffective hematopoiesis, dysplastic morphology of blood
cells, and high possibility to transit to AML. A number of
genetic or epigenetic alterations involved in the pathogenesis of
MDS have been identified as follows: activating point muta-
tions of signaling molecules such as N-RAS and FIt3 (21, 22);
deletion, point mutation, and/or silencing of cell cycle inhibi-
tory molecules such as pl5, pl6, and p53 (23-25); deletion,
point mutation, and generation of chimeric genes for transcrip-
tional factors such as Evil, IRF-1, AML1 (26-28), and point
mutations of the nucleolar protein (Nucleophosmin) (29).
Among them, the point mutations of AMLI were found in
15-17% of patients with sporadic MDS/AML (high risk MDS
and AML following MDS) (3, 30). Previously, point mutations
of AML] were intensively screened in the N-terminal region,
including the Runt domain in patients with AML and MDS, and
the researchers found several point mutations, most of which
disrupts DNA binding activity of AML1 but not the interaction
with PEBP28 (3). In addition, recent reports have revealed that
about 50% of point mutations are detected in the C-terminal
region in MDS/AML. In addition, a C-terminal AMLI point
mutation was also detected FPD/AML (30, 31). Most of the
C-terminal mutations of AMLI lead to the premature termina-
tion yielding the C-terminally truncated form of AMLI, which
inhibits transcriptional activity of AMLL.

Thrombopoietin (TPO) is a crucial regulator of megakaryo-
poiesis and platelet production. It stimulates both megakaryo-
cyte progenitor cell growth and subsequent maturation in vitre
and in vivo (32). In accord with these data, knock-out mice for
TPO or its receptor c-mpl both revealed severely impaired
megakaryopoiesis and platelet reduction (about 5% of normal
mice) without apparent abnormality in erythropoiesis, granu-
lopoiesis, and lymphopoiesis, suggesting that a physiologic role
of the TPO/c-Mpl system is restricted to the megakaryocytic
lineage. However, in the later study, the total number of HSCs
was found to be reduced in the bone marrow of c-Mpl ™'~ mice
(57). Also, c-Mpl™"" HSCs revealed severely decreased recon-
stitution activity in transplantation experiments. These results
indicate that TPO/c-Mpl-mediated signaling also plays an
important role in the growth and survival of HSCs as well as in
megakaryopoiesis (33, 34).

Considering the fact that both AML1 and TPO/c-Mpl signal-
ing play crucial roles in the growth and survival of HSCs as well
as in megakaryopoiesis, we speculate the transcriptional regu-
lation by AML] might have some influence on TPO/c-Mpl sig-
naling. So, we here examined the effects of AML1 on the ¢-Mpl
transcription using the promoter analyses. Also, we analyzed
the biologic effects of AML1dC on c-Mpl expression in HSC
and megakaryocytes and on megakaryocytic differentiation.

EXPERIMENTAL PROCEDURES

Reag and Antibodi Recombinant human (h) interleu-
kin-6 (h1L-6), murine (m) IL-3, murine stem cell factor (mSCF),
human thrombopoietin (h'TPO), human erythropoietin, and an

30046 JOUANAL OF BIOLOGICAL CHEMISTRY

anti-mouse ¢-Mpl monoclonal antibody were provided by Kirin
Brewery Co. (Tokyo, Japan). Human flt3-ligand was purchased
from PeproTech (London, UK), Fluorescein isothiocyanate
(FITC)-conjugated rat 1gG1 and biotinylated rat IgG2b were
purchased from Immunotech (Marseilles, France). Biotinylated
anti-lineage (Lin) antibodies (Abs) against Gr-1 (RB6-8C5),
B220 (RA3-6B2), CD3 (145-2Cl11), Macl (M1/70). and
Ter119 (TER119), FITC-labeled anti-Sca-1(D7), phyco-
erythrin-labeled anti-c-Kit (2B8), phycoerythrin-conjugated
anti-Rat IgA (B46 -5), and streptavidin-PerCP-Cy5.5 were pur-
chased from BD Biosciences. The anti-AML-1 Ab (N-20) and
normal goat IgG were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA).

Plasmid Constructs—The expression vectors for AML1band
AML1-MTG8 (pRCCMV-AML1b and pRCCMV-AMLI-
MTGS) were kindly provided by Dr. Kitabatashi (National Can-
cer Center Research Institute, Tokyo, Japan) (35). AML1dC,
lacking the C terminus of AML1b (amino acids from 224 to
453), was obtained by the PCR method. Retrovirus expression
vectors for AML1band AML1dC were generated by subcloning
these cDNAs into the Mie vector (pMSCV-IRES-EGFP). The
expression vector for PEBP2 was provided by Dr. N. A. Speck
(Dartmouth Medical School, Hanover, NH) (36).

Luciferase Assays—To construct reporter genes for the c-mpl
promoter, various PCR products were subcloned into the lucif-
erase plasmid, PSP72-Luc (37). Luciferase assays were per-
formed with a dual luciferase reporter system (Promega, Mad-
ison, W1) as described previously (37). In short, 293T cells (2 x
10° cells) cultured in DMEM containing 10% fetal bovine serum
(FBS) were seeded into a 60-mm dish and transfected with the
effector genes (2 pg) and reporter gene (2 ug) together with
pRL-CMV-Rluc (5 ng), an expression vector for Renilla lucifer-
ase, by the calcium phosphate coprecipitation method. After
12 h, the cells were washed and serum-deprived for 24 h. Then
the cells were lysed and subjected to the measurement of the
firefly and Renilla luciferase activities on a luminometer LB96P
(Berthold Japan, Tokyo, Japan). The relative firefly luciferase
activities were calculated by normalizing transfection efficien-
cies according to the Renilla luciferase activities. To perform
luciferase assays in Hela cells, we used a FUGENE 6 (Roche
Applied Science) for transfection. The experiments were per-
formed in triplicate, and the similar results were obtained from
at least three independent experiments.

Electrophoretic Mobility Shift Assay (EMSA)—EMSA was
performed as described previously (38). One probe used as a
positive control contained the reported AMLI-binding
sequence (39). One more probe contained the proximal puta-
tive AMLI-binding sequence in the human c-mpl promoter
(—135/-116, numbered from the first ATG). For competition
assays, unlabeled oligonucleotides containing wild-type (WT)
(TGTGGT) or mutated (MT) (TGTTAG) AML1-binding site
were added to the DNA-binding reaction mixtures. The
sequences of the oligonucleotides are as follows: WT AMLI,
5'-CGAGTATTGTGGTTAATACG-3'; MT AMLL, 5'-CGA-
GTATTGTTAGTAATACG-3'; c-mpl (—135/-116) WT, 5'-
ACCCCAGTGTGGTCTGGATG-3"; and c-mpl (—135/—116)
MT, 5'-ACCCCAGTGTTAGCTGGATG-3".
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Chiromatin Immunoprecipitation (ChIP) and ReChIP Assays—
ChIP assays were performed with a ChIP assay kit (Upstate
Biotechnology Inc.). Briefly, 1 % 107 cells were fixed with 1%
formaldehyde for 10 min. Cross-links were quenched with 125
mu glycine. After isolation of the nuclear extract, chromatin
was sonicated to shear DNA to the length between 200 and
1000 bp. After sonication, AML1-DNA-binding complexes
were immunoprecipitated with the anti-AML1 Ab or control
goat IgG. The immunoprecipitated DNA was eluted and sub-
jected to the PCRs using AmpliTaq Gold (PerkinElmer Life
Sciences), in the following thermal cycling conditions: 94 °C for
10 min, 30 cycles of 94 °C for 30 s, 65°C for 30 s, and 72°C for
30 s, followed by 72 “C for 10 min. The sequences of the primer
set for the human c-mpl promoter are as follows: sense, 5'-
TTTCCCCAGTGTGGTCTGGATGG-3'; antisense, 5'-TTT-
GCCTTAGCCCATCCTCCCTT-3". PCR products were elec-
trophoresed on agarose gels and visualized by staining with
SYBR Green | (BioWhittaker Molecular Applications, Rock-
land, ME). In the sequential ChIP (ReChIP) experiments, we
performed a first ChIP with the anti-AML1 Ab. Inmunopre-
cipitated complexes were eluted by incubation for 30 min at
37 °Cin 50 pl of 10 mmol/liter dithiothreitol. After centrifuga-
tion, the supernatant was diluted 20 times with ReChIP buffer
(1% Triton X-100, 2 mmol/liter EDTA, 150 mmol/liter NaCl, 20
mmol/liter Tris-HCl, (pH 8.0)) and subjected to the second
re-immunoprecipitation and the ChIP procedure. In the
ReChIP analysis, PCRs were performed with 35 cycles of ampli-
fication (40, 41).

Purification of Murine ¢-Kit* Scal” Lin~ (KSL) Cells—Bone
marrow cells were harvested from 8- to 10-week-old C57BL/6
mice, and mononuclear cells were isolated by density gradient
centrifugation. After staining with biotinylated anti-Lin Abs, an
FITC-conjugated anti-Scal Ab, a phycoerythrin-conjugated
anti-c-Kit A, and a streptavidin-PerCP-Cy5.5, KSL cells were
sorted on FACS Aria (BD Biosciences).

Preparation of the Conditioned Mediwm Containing Retrovi-
rus Particles—Conditioned medium containing high tighter
retrovirus particles was prepared as reported previously (38).
Briefly, retrovirus plasmid DNA was transfected into retrovirus
packaging cell line 293gp along with a vesicular stomatitis
virus-G envelope expression plasmid by the calcium phosphate
coprecipitation method. After 48 h, cultured supernatant was
collected and concentrated by 100-fold in volume.

Retrovirus Transfection into Murine Hematopoietic Stem/
Progenitor Cells—Purified KSL cells were cultured in DMEM
containing 10% FBS, mSCF (100 ng/ml), and hTPO (100
ng/ml). Then the cells were seeded into the culture plates
coated with Retronectin (TAKARA BIO, Shiga, Japan) and cul-
tured with conditioned medium containing retrovirus and
Polybrene (10 pg/ml) in the presence of mSCF (100 ng/ml) and
hTPO (100 ng/ml). After 24 h, cells were washed and cultured
in DMEM containing 10% FBS, mSCF (50 ng/ml), human fit3-
ligand (30 ng/ml), and hIL-6 (50 ng/ml).

Flow Cytometry—Two days after retrovirus infection, GFP*
cells were sorted by FACS Aria (BD Biosciences). Cell surface
marker analyses were performed with FACSCalibur (BD Bio-
sciences). DNA content of cultured cells was examined by
staining with propidium lodide and analyzed by the same
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device. FACS data were analyzed by FlowJo software (TreeStar,
Ashland, OR). To analyze TPO-dependent tyrosine phospho-
rylation of STATS5, we used BD Phosflow™ Technology (BD
Biosciences). Two days after retrovirus infection, Mock-,
AML1dC-, and AMLI1b-transduced cells were cultured in
DMEM containing 2% FBS without cytokines for 4 h. The cyto-
kine-deprived cells were then stimulated with hTPO (100
ng/ml) for 15 min. Fixed samples were stained with Alexa
Fluor®647 STATS (pY694) and analyzed by FACS Aria (BD
Biosciences).

RT-PCR—For RT-PCR, total RNA was isolated from 7 X 10°
GFP* cells and was reverse-transcribed into cDNA with oli-
go(dT) primers (Pharmacia, Piscataway, NJ) using SuperScript
11 reverse transcriptase (Invitrogen). PCR was performed in a
total volume of 50 pul using 4 pl of the cDNA product as a
template and 1 pl of Advantage cDNA polymerase mix (Clon-
tech). The primer sets to amplify murine c-mpl and B-actin are
as follows: c-mpl, 5'-CCTACTGCTGCTAAAGTGGCAAT-3'
and 5'-CAATAGCTTAGTGGTAGGTAGGA-3'; B-actin,
5'-CATCACTATTGGCAACGAGC-3' and 5'-ACGCAGCT-
CAGTAACAGTCC-3'. Cycling conditions were 94°C for 1
min, followed by 22-35 cycles of 94 °C for 30 s and 68 °C for 3
min, followed by 68 “C 5 min. The PCR products were electro-
phoresed on agarose gels, and their amounts were evaluated by
staining with SYBR Green I (BioWhittaker Molecular Applica-
tions, Rockland, ME).

OP9 System to Develop Hematopoietic Cells from Murine ES
Cells—E14tg2a ES cells and OP9 stromal cells were maintained
as described previously (42, 43). To induce differentiation
toward hematopoietic cells, ES cells were deprived of leukemia
inhibitory factor and seeded onto confluent OP9 cells in 6-well
plates at a density 10% cells/well in a-minimum essential
medium supplemented with 20% FBS. After 4.5 days, Flk-1"
cells were sorted by FACS or the cells were harvested by 0.25%
trypsin/EDTA, and whole cell suspensions were transferred
into a new 10-cm dish and incubated in 37 *C for 30 min to
remove adherent OP9 cells, The collected floating cells were
replated onto OP9 cells at a density 1 X 10* cells/well of 6-well
plate or 6 ¥ 10* cells/10-cm dish and cultured under the indi-
cated conditions.

Tetracycline (Tet)-regulated Inducible Expression of
AMLIAC in ES Cells—To inducibly express AML1dC in ES
cells, we utilized a Tet-Off system as reported previously (44,
45), In which transcription of the target mRNA is initiated by
the removal of Tet from the culture medium. Briefly, we ini-
tially introduced pCAG20-1-tTA and pUHD10-3-puro by elec-
troporation (800 V, 3 microfarads) and selected one clone des-
ignated E14 by the culture with 1 ug/ml of Puro and/or 1 ug/ml
of Tet, in which the Tet-regulatory system works most effec-
tively. We further transfected pUHD10-3-AML1dC-GFP,
which can inducibly express AML1dC and GFP as a single
mRNA through the internal ribosome entry site in response to
the Tet removal, together with the neomycin-resistant plasmid
pcDNA3.1-neo. After the culture with G418 (0.4 mg/ml) in the
Tet* medium, we selected several clones that can inducibly
express GFP in response to the Tet deprivation. Subsequently,
we examined the Tet-regulated expression of AML1dC in the
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FIGURE 1. Effects of AML1b on the activity of c-mpl promoter. A, 2937 cells were transfected with 2 ug of
AML1b, PEBP2M, and 2 pug of indicated reporter gene. The relative firefly luciferase (LUC) activities were calcu-
lated by normalizing transfection efficiencies according to the Renilla luciferase activities. The results are
shown as the means = 5.0, of triplicate cultures. B, Hela cells were transfected with 0.5 pg of AML1b and

PEBP2 and 1 ug of reporter genes by FUGENE 6

Tet" and Tet ™ medium in these clones, and several clones were
subjected to further analyses.

Colony Assays—Two days after retrovirus infection, GFP*
cells (1000 cells/35-mm dish) were cultured in the methylcellu-
lose media M3234 (Stem Cell Technologies, Vancouver, British
Columbia, Canada) containing the indicated cytokines. The
number of CFU-GM was counted on day 7 and those of BFU-E
and CFU-GEMM on day 12.

RESULTS

Function of AML1b on c-mpl Promoter Activity—To examine
the effect of AML1 on TPO/c-Mpl-mediated signaling, we ini-
tially examined whether AMLI transcriptionally regulates the
expression of c-mipl. For this purpose, we performed luciferase
assays with the —724 construct, a reporter gene containing the
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These results suggest that AML1
may regulate the expression of
c-mpl through the proximal AML1-
binding site in the promoter.

AMLI Transcriptionally Regu-
lates the c-mpl Promoter—To ana-
lyze whether AMLI directly binds
to the proximal AMLI1-binding
sequence in the c-mpl promoter,
we performed EMSA with the cor-
responding c-mpl (—135/-116)
probe. Also, one more probe with
the reported AMLI-binding se-
quence (39, 46) was used as a posi-
tive control. Nuclear extracts were isolated from 2937 cells that
were transfected with PEBP2j with or without AMLIb. As
compared with the nuclear extract from AMLIb-untransfected
293T cells (Fig. 2A, lane 1), that from AML1b-transfected cells
formed two additional complexes with the c-mpl (—135/-116)
probe (lane 2), and their mobilities were almost the same with
that detected by the positive control probe (lane 7). These com-
plexes were abolished by the WT competitor (Fig. 24, lanes 3
and 8) but not by the MT competitor (lanes 4 and 9). Further-
more, these complexes were supershifted by the anti-AML1 Ab
(Fig. 24, lanes § and 10). These data indicate that these com-
plexes were formed in a sequence-specific manner and con-
tained AMLI. To further test whether endogenous AMLI
binds to the ¢-mpl promoter in vivo, we conducted ChIP assays
using the anti-AML1 Ab. To obtain enough numbers of hema-
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FIGURE 2 Analysis of the responsive element to AML1b in the c-mpl pro-
moter. A EMSA was pedformed with the probe containing putative AML1-
binding sequence In the human c-mp/ promoter of known AML1-binding
sequence (positive control). Nuclear extract was isolated from 293T cells
transfected with the indicated genes and subjected to EMSA. In competition
assays, a 1000-fold molar excess of unlabeled wild-type or mutant competitor
aligonucleotide was added to the binding mixture. 8 location of AML1-bind-
ing site and the primer set in the c-mp/ promoter utilized for the ChIP assay are
indicated. The nuclear extract was isolated from primary cultured murine
hematopoletic cells and CMK cells, and the chromatin was sonicated. Then
AML1-DNA-binding complexes were immunoprecipitated with the anti-
AML1 Ab (N-20) or control goat IgG. The immunoprecipitated DNA was
eluted and subjected to the PCR analyses. PCR products were electrophore-
sed on agarose gels and visualized with SYBR Green staining.

topoietic cells, we separated Lin ~ cells and cultured with mIL-3
and hTPO for 3 days. Nuclear extracts were isolated from 1 X
107 cultured cells. As shown in Fig. 2B, the c-mpl promoter,
including the proximal AML1-binding site, was immunopre-
cipitated by the anti-AML1 Ab but not by control 1gG (Fig, 28).
Similar results were also observed using the nuclear extract
obtained from a human megakaryocytic cell line CMK (Fig. 2B).
Together, these data indicate that endogenous AML1 bind to
the proximal AMLI-binding site in the c-mpl promoter and
suggest that AML1 might regulate its transcription.

AML1dC Dominant-negatively Suppresses AMLI Function—
Next, we examined the effects of a mutant of AML1b, AML1dC,
on the c-mpl promoter activity. AML1dC is a C-terminal dele-
tion mutant of AML1b (Fig. 34), which was originally identified
in a patient with MDS (30). Harada et al. (30) reported that this
mutant suppressed transactivation activity of AMLI for mac-
rophage colony-stimulating factor receptor. As was the case
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with the macrophage colony-stimulating factor receptor,
AML1dC dose-dependently suppressed AML1b/PEBP2B-in-
duced c-mpl promoter activity in 293T cells as efficiently as
AMLI1-MTGS, which is known to act as a dominant-negative
repressor of AML1 (Fig. 3B). To clarify how AML1dC inhibits
AMLI activity, we performed EMSA with the c-mpl (—135/
—116) probe. As shown in Fig. 3C, only 2.5 ug of cotransfected
AML1dC was able to effectively cancel the DNA-binding com-
plex formed by 10 pg of transfected wild-type AML1b, which
was more prominent when 10 pg of AML1dC was cotrans-
fected (Fig. 3C, lanes 3 and 4). These results suggest that
AML1dC dominant-negatively suppresses the function of
AMLI1 by inhibiting its DNA binding activity.

AMLIAC Enhances ¢-Mpl Expression in Hematopoietic
Stem/Progenitor Cells—Because TPO/c-Mpl signaling plays an
important role in the proliferation and survival of hematopoi-
etic stem/progenitor cells (33, 34), we next examined the func-
tion of AMLI in the c-Mpl regulation in hematopoietic stem/
progenitor cells. For this purpose, we transduced AML1dC and
AMLI1b into murine KSL cells with a retrovirus system (Fig.
4A). Two days after retrovirus infection, we sorted retrovirus-
transduced cells, which are detected by the GFP expression, and
performed RT-PCR analysis. Unexpectedly, in contrast to the
result of luciferase assays in 293T and HeLa cells that suggests
AMLI positively regulates the c-mpl expression, AML1dC-
transduced cells expressed c-mpl mRNA more abundantly than
mock-transduced cells in several repeated experiments (repre-
sentative result is shown in Fig. 4B). In accord with this result,
FACS analysis showed that the c-Mpl was more intensely
expressed in AML1dC-transduced cells than in mock-trans-
duced cells (mean fluorescent intensity, AMLAC 79.8 versus
Mock 61.5) (Fig. 4C). On the other hand, c-mpl mRNA and
cell-surface c-Mpl expression were suppressed in AML1b-
transduced cells than those in Mock-transduced cells (mean
fluorescent intensity: AMLb 49.0 versus Mock 61.5) (Fig. 4, B
and C).

AML1dC Enhances c-Mpl Expression in Hematopoietic Cells
That Derived from Murine ES Cells—To further explore the
effects of AML1dC on the ¢c-Mpl expression during the devel-
opment of hematopoietic stem/progenitor cells, we utilized the
Tet-Off system in the OP9 system. In the OP9 system, after
deprivation of leukemia inhibitory factor from the culture
medium, Flk-1* hemangioblasts that have both the potential to
develop into hematopoietic cells and endothelial cells develop
from ES cells after 4.5 days, and definitive hematopoietic stem/
progenitor cells appear after 8.5 days (Fig. 54) (42, 43). After
sorting Flk-1° cells on day 4.5, we inducibly expressed
AMLI1AC by depriving Tet from the culture medium, cultured
for 4 days, and performed FACS analysis on day 8.5. After the
culture with Tet, 50.5% of AML1dC-transduced ES cells were
positive for c-Mpl in the GFP-negative fraction (Fig. 5B, upper
left panel). In contrast, after the culture without Tet, 77.0% of
AML1dC-transduced ES cells were positive for c-Mpl in the
GFP-positive fraction (Fig. 5B, upper right panel). Similar
results were obtained in other clones of AML1dC (data not
shown). Tet deprivation by itself did not influence c-Mpl
expression in mock-transduced ES cells (data not shown).
Together with the results obtained from AMLIdC- and
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cells not only as a dominant-nega-
tive mutant but also through the
unknown mechanisms. So, it is
important to examine the expres-
sion of ¢-Mpl on hematopoietic
stem/progenitor cells, in which the
expression of AML1 was simply
reduced. For this purpose, we devel-
oped hematopoietic stem/progeni-
tor cells from murine AMLL "'~ ES
cells and examined the c-Mpl
expression on these cells, because
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FIGURE 3. AML1dC domil ivel

AMLI1b-transduced KSL cells, these results indicate that wild-
type AML1 is a negative regulator of the c-mp/ transcription in
hematopoietic stem/progenitor cells.

Haploinsufficiency of AML1 Alse Enhances c-Mpl Expression
in ES-derived Hematopoietic Cells—AML1dC might influence
the expression of ¢-Mpl on hematopoietic stem/progenitor
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Probe: AMLI1 bhinding sequence

g y supp AML1 function. A horizontal bars show WT AML1b
(453 amino aclds (aa)), C-terminal deletion mutant of AML1b (288 amino acids), and AML1/MTGS (753 amino
acids). In the case of AML1dC, the insertion of ACCGT into 669 - 670 causes frameshift mutation and results in
truncation of WT AML1b. RUNT indicates the runt domain; TA indicates the transactivation domain; VWRPY
indicates the VWRPY motif. 8, 293T cells were transfected with 2 g of AML1b, PEBP2, and indicated doses of
AML1AC or AMLI/MTGS. The results are shown as the means = 5.0. of triplicate cultures. € EMSA was per-
formed with the probe containing AML1-binding sequence. Nuclear extracts were isolated from 293T cells
transfected with empty vector (10 ug) or AMLTE (10 pg), PEBP2A (10 ug), and indicated doses of AML1dC.

entiate into definitive hematopoi-
etic cells (47). As a result, we found
that early hematopoietic cells that
derived from AMLI™'™ ES cells
expressed c-Mpl more intensively
than those that developed from W'T
ES cells (mean fluorescent intensity,
AML1™" 129.8 versus WT 27.0)
{Fig. 5C). This result again suggests
that AMLI Is a negative regulator of
c-Mpl expression in hematopoietic
stem/progenitor cells.

AMLIAC Dees Not Influence the
c-Mpl Expression in Megakaryocytes
or Their Maturation—Except for
immature hematopoietic  cells,
c-Mpl is exclusively expressed on
megakaryocytic cells and plays
essentlal roles in megakaryopoi-
esis and subsequent platelet pro-
duction. So we next analyzed the
effects of AML1dC on megakaryo-
cytic maturation and the c-Mpl
expression on mature megakaryo-
cytes. For this purpose, we cul-
tured AML1dC-transduced ES
clones in the presence of TPO for
12.5 days (Fig. 5D). On day 12,5,
morphologic analysis showed that
AMLI1dC-transduced ES cells were
able to possess polyploid nucleus,
which is characteristic of mature
megakaryocytes, regardless of the
presence or absence of Tet (Fig.
5D). Also, FACS analysis on day
12.5 showed that Tet deprivation
neither inhibited polyploidization
of megakaryocytes (Fig. 5E) nor
their c-Mpl expression (Fig. 5B,
lower panels) in AML1dC-transduced ES cells.

AMLI1 Forms Different Transcriptional Complex on the
c-mpl Promoter in Hematopoietic Stem/Progenitor Cells and
Megakaryocytes—Our findings suggested AMLI differentially
regulates the c-Mpl expression in hematopoietic stem/progen-
itor cells and megakaryocytic cells. Because AML1 forms a
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FIGURE 4. Analysis of the c-Mpl expression in murine b poletic st cells. A, structure of Mie (Mock), Mie-AML1dC, and Mie-AML1b

orted and suhr}ected to RT-PCR to examine the expression of c-mpland B-actin mRNA.C, at
dC, and Mie-AML 1b-transduced cells was examined by FACS. Dot plots of cell-surface
expressions of c-Kit and c-Mpl (upper panels) are shown, Histogram plots and mean fluarescent intensities of c-Mpl expression (middle and lower panels) are
shown. LTR, long terminal repeat; IRES, internal ribosome entry site
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