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Peripheral blood Epstein-Barr virus (EBV) DNA load and body weight in humanized NOG (WNOG) mice infected with EBV. A, Infection at

a high dose of wirus. Six mice were inoculated intravenously with 1 % 107 10, of EBV. Peripheral blood EBV DNA load fupper panels) and body weight
flower panels) were then determined weekly. Each symbol in the graphs represents an individual mouse. Interruption of records indicates the death or
killing of a mouse. B, Infection at lower doses. Peripheral blood EBV DNA load {upper panel) and body weight (fower panel) of 2 mice inoculated with
low doses of EBV (black circle. 1 % 10" Ty white circle, 1 > 10" TDy,) are shown

of2 X 10° cells per well in 6-well plates and then inoculated with
serial 10-fold dilutions of virus preparation. The number of wells
with proliferating lymphocytes was counted 6 weeks after infec-
tion, and the titer of the virus in 50% transforming dose (TDy,)
was determined by the Reed-Muench method [22], EBV was
inoculated intravenously through the tail vein. EBV DNA was
quantified by a real-time quantitative polymerase chain reaction
(PCR) assay hased on the TagMan system (Applied Biosystems),
as described elsewhere [23]. Analysis of EBV gene expression by
reverse-transcription PCR (RT-PCR) was done as described
elsewhere, using the primers listed in table 1 [24].

Histopathology, in situ hybridization (ISH), and immuno-
histochemistry. 7Tissue samples were fixed in 10% buffered
formalin, embedded in paraffin, and stained with hematoxylin-
eosin. For phenotypic analysis of proliferating lymphocytes, im-
munostaining for CD3 (Nichirei), CD4 (Novocastra), CD8
(Nichirei), CD45RO. CD20, CD79a, CD30, Mum! (Dako},
CD23, CDI, CD56 (Novocastra), granzyme B (Dako), and T
cell intracellular antigen | {Beckman Coulter) was performed on
paraffin sections. EBV was detected by immunostaining for
LMPI and EBNA2 (Dako) and by ISH with EBV-encoded small
RNA (EBER) probe, Immunohistochemistry and 1SH were per-
formed on an automated stainer (Benchmark XT; Ventana
Medical Systems), in accordance with the manufacturer’s rec-
ommendations. To determine the cell lineage of EBV-infected
cells, paraffin sections were applied to double staining with
EBER 15H and immunohistochemistry.

Detection of EBV-specific T cell response.  Enzyme-linked
immunospot (ELISPOT) assay was performed with the Im
munocyto [FN-y ELISPOT Kit (MBL), in accordance with
the instructions supplied by the manufacturer. Briefly, CD8"
T cells were isolated from PBMCs from EBV-infected hNOG
mice with the IMag anti-human CD8 Particles-DM (BD Bio-
sciences). Mixture of these CD8" T cells and an autologous

LCL were incubated with interleukin (1L)-2

in microplates
coated with antibody to interferon (IFN)-vy for 17 h. Cap
tured IFN-y was detected by use of biotinated antibody to
IFN-y and alkaline phosphatase-conjugated streptavidin
and was visualized by reaction with the BCIP/NBT chromo-
gen substrate. The unpaired Student's ¢ test was used for sta-
nistical analysis, IFN- v secretion in response to EBV was also
examined by flow cytometry, as described elsewhere [25].
Briefly, aliquots of murine splenocytes and an LCL were
mixed in 6-well plates in the presence of brefeldin A (10 pp/
mL) and incubated at 37°C in 5% CO, for 17 h. After incuba-
tion, the cell suspensions were stained with phycoerythrin-
conjugated anti-human CD&Y, phycoerythrin—Texas red-
conjugated anti-human €CD45, and phycoerythrin-cyanin
5—conjugated anti-human CD8 for 30 min at 4°C and were
fixed with 2% paraformaldehyde. Cells were then permeabil-
ized and stained with BD Perm/Wash buffer (BD Biosciences)
contaiming  fluorescein  isothiocyanate-conjugated  anti-human
[FN-v for 30 min at 4°C. Stained cells were analyzed using an
EpicsXL flow cytometer (Beckman Coulter).
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Figure 2. Panological and virol | analyses of Fpstein-Barr virus (EBV-infected humanized NDG (RNDGI mice. A, Photograph of an EBV-infected mouse
showing tumars in the cenvical area B Photographs of spleens, liver, lymph node, and kidney from EBV-infected mice with ymphoproliferative disorder The
upper I;.rl panel shows the spleen from an uninfected mouse. C, Photomicrogrs of hematoxylin-eosin—stained tissues from mice wath lymphoproliterative
disorder. The atrow indicates @ Reed-Sternberg-like cell, and the arrowheads indicate Hodgkin Jike cells Original magnifications, = 1000 tor spleen, 2400 for
lymph node, and %200 tor liver, lung, kidney, and adrenal gland. 0. Immunohistochemical staining for lymphoeyte surface markers (CD3, €020, COZ3, and
Mum1) and EBV-encoded proteins [latent membrane protein [LMP] 1 and Fpstein-Harr nuciear antigen [EBNA] 2), as wedl as in situ hybridization for EBV-encoded
small BNA (EBER), i a lymph node rom a mouse with lymphoproliterative dis
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Tahle 2. Quantification of Epstein-Barr virus
(EBV) DNA in persistently infected humanized NOG

mice.
Mouse

Organ N35-1+ N35-3¢
Bone marrow ND 4,1 x 10
Spleen 6.2x%100 S57x100
Liver ND 27 %10
Lymph node {neck) 16107 B9 =107
Lymph node (axilla) ND 26 x 107
Lymph node (masentery) ND 4.9 % 107
Lungs 27 X100 1.0 x 10
Kidneys 1.2x107 48 x10*
Adrenal gland 44 x 10" 8.0 x10°

NOTE. Data are the amounts of EBY DMNA moasured 22

wooks after infection, in coples per microgram of DNA. ND,
not detectably

¥ infected at 1 = 10" TDy,
B nfected at } = 10" TDy,

Detection of antibodies specific to EBV.  1gM antibody to
the EBV BFRF3 protein was detected by immunaoblotting essen-
tially as described elsewhere [24], except that horseradish per-
oxidase-comugated antibody speaific to human 1gM (Beckman
Coulter) was used as secondary antibody. To prepare the gluta-
thione s-transferase (GST)-BFRF3 fusion protein, a DNA frag-
ment spanning the entire coding region of BERF3 was amplified
by PCR (sense primer, 5'-GGUETCGAATTCATGGCACGCCG-
GCTGCCC-3; antisense primer, 5-GGCTCGGATCCATAC-
ACCATGTTTCGTGCCC-3') and inserted to the GST fusion
vector pSGENT?2, to yield the plasmid pSGENT2-BFRF3. Esch-
erichia coli cells harboring pSGENT2-BFRF3 were stimulated
with isopropyl B-D-1-thiogalactopyranoside to induce the ex-
pression of GST-BFRF3, which was subsequently punified by use
of the Bulk GST Purification Module (GE Healthcare)

RESULTS

EBV infection in hANOG mice.
CD34" HSCs in NOG muce and reconstitution of the human

Transplantation of human

hematoimmune system were done as described elsewhere [18,
20]. Tn the initial attempts ar infection, | X 10" TDy, of the
Akata strain of EBV was inoculared into 6 hNOG mice, and EBV
[INA was demonstrated in the peripheral blood of all of them
(figure 1.4). EBV DNA was first evident at 3—4 weeks after inoc-
ulation and reached peak levels of ~1 X 10* EBV DNA cop-
ies/pg of DNA, All 6 mice became seriously ill between 5 and 10
weeks after inoculation, with signs of weight loss (higure 14),
general inactivity, and piloerection. In contrast, EBV DNA was
not detected in the peripheral blood, bone marrow, thymus,
spleen, lymph nodes, liver, kidneys, and lungs of 3 contro]l NOG
mice that were not transplanted with H5Cs but were imoculated

with the virus (data not shown ). Similarly, no signs of EBV in-
fection were observed in 3 control hWNOG mice that were not
inoculated with the virus (data not shown). In toral, 43 NOG
mice that had been humanized with HSCs from 9 different cord
blood samples were inoculated with 1 X 107 TDy, of EBV, and
38 of them the results were similar to those observed in the
mitial 6 mice. with high blood EBV load and severe detenioration
in their general condition. Ten of them died and could not be
examined further. The remaining 28 mice were killed, and signs
of lymphoproliferative disorder were found at autopsy (see the
below), These results demonstrate that ANOG mice can be in-
fected with EBV, with a mostly fatal outcome at this virus dose.

EBV-induced lymphoproliferative disorder in hNOG mice.
Autopsy of killed mice showed signs of lymphoproliferative dis-
order typrcally represented by an overt tumor in the spleen (fig-
ure 28). In ~70% (20/28) of the mice autopsied, macroscopical
signs of disseminated disease were found in the liver, lymph
nodes, or kidneys (fAigure 24 and 2B). Seventeen mice were ex-
amined pathologically, and 15 of them showed typical histology
of diffuse large B cell lymphoma, with remarkable similarity to
the human lymphoproliterative disorder in the immunocom-
promised hosts (figure 2C). The tissues contained occasional
immunoblasts, Reed-Sternberg-like cells, and Hodgkin-like
cells (figure 2C). Marked infiltration of large transformed lym-
phoid cells was also demonstrated in liver, lymph nodes, kid-
neys, adrenal glands, and lungs (figure 2C). Real-time PCR de-
tected high levels (—1 X 10% to —1 X 10° EBV DNA copies/ug
of DNA) of EBV DNA in these organs, and the large transformed
lymphoid cells were universally EBV positive by EBER ISH (hig-
ure 2D). Immunchistochemical analysis showed that the large
transformed lymphoid cells were of the activated B cell pheno-
type, being reactive for CD20 and CD23 and not reactive for
CD3and CD10 (figure 2D and data not shown). They were also
puositive for Mum-1, i late- and postgerminal center cell marker.
The EBER-positive cells were CD20-positive B cells (hgure 2D),
and no EBER-positive T cells were identified. Immunostaining
revealed that most proliferating cells expressed EBNA2, whereas
LMP1 was expressed in only a fraction of them (figure 2D). RT-
PCR analysis of typical spleen tumors abtained from 3 different
mice showed the expression of EBNAL, EBNA2, LMP1, LMP2A,
LMP2B; and EBER, consistent with the latency 11T program of
EBV gene expression (figure 2F). In addition, transcripts from
Ivtic-cycle EBV genes, including BZLF1 (immediate-early),
BMRF1 (early), and BLLF1 (late, encoding gp350/220), were
identitied (figure 2F),

Virus dose-dependent outcome of EBV infection in hNOG
mice. To examine the influence of virus dose on the outcome
of EBV infection, we inoculated serial dilutions of EBV prepara-
tion into 2 lots of ANOG mice, each consisting of 5 mice that had
been humanized with the same HSC preparation, Consistent
with the results described above. the 4 mice (2 from each lot) that
received the higher doses (1 < 10" and | X 107 TDy) of the
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Figure 3. Surtace marker expression by peripheral blood T cells in Epstein-Bare virus (EBVi-intected humanized NOG (hNOG) mice. A, Changes in
the percentages of CD3- T cells and CO19* B cells among human CD45* leukocytes (upper panelsf and in the percentages of COB* cells and CD4*
cells among CD3* cells (lower panels) atter infection with EBV. Results obtained from 3 EBV-infected mice and an uninfected mice are shown White
symbaols indicate the percentage of CD19* cells fupper panels) or CD4* cells {lower panels); black symbols indicate the percentage of CO3- cells fupper
panels) or CDB* cells flower panels) A vertical arrow in the graph area shows the time point at which EBV DNA was first detected in peripheral blood
#, Changes in the no. of CDB* T cells in the peripheral blood of EBV-infected ANOG mice. White symbols indicate uninfected mice, and black symbols
indicate infected mice. Note that cell no. 1s plotted in a logarithmic scale. €, Viral dose-dependent T cell responses in hNOG mice inoculated with
serally diluted EBV, Ten-fold serial dilutions of an EBV sample starting from 1 % 10’ TD, per inoculate were injected intravenously into NOG mice
that had undergone transplantation with the same lot of human hematopoietic stem cells (HSCs). Changes in the percentages of CD3* T cells among
human CD45° |eukocytes fupper panel) and in the percentages of CDB cells among CO3* cells (lower panel) after inoculation with EBV are shown
The viral dose tor each mouse is shown in the key 0L Companison of surface marker expression between EBV-intected mice and control mice Two
mice that underwent transplantation with the same lot of human HSCs were enher inoculated with EBV or leh uninfected; 10 weeks atter inoculation,
mananuclear cells obtained from penpheral blaod or spleen were gated for the expression of human CO3 and then examined for the expression of COB
and CD4 frop panels), COASR0 and CO4SAA (second from top), HLA-DR and CO4 (second from bottom), and HLA-DR and CDB (bottom)
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of human T cells producing

Epstein-Barr wirus (EBV}-specific T cell response i humanized NDG (hNOG) mice A, Ensyme-linked immunnspot assay for the detection
terferon (IEN}=+ after stmulation with an EBV-positive lymphoblastoid cell ine [LCL). CDA* cells isolated from EBV-infected

hNOG mice were cocultured with an autologous LCL, and IFN-y-secreting cells were counted (3, 5, 6, 7, and B). To analyze restriction by major

histocompatibility complex (MHC), antibody to HLA class | [anti—human HLA-ABC clone WE/32, eBioscience) [5), antibodies to both HLA ¢
II {6}, antibudy to HLA class Il {anti- human HLA-DP,D0,0R clane CR3/43;

Dako| (7). or isotype

s | and clas

matched contral antibady {8) were added to the culture

Control expenments included coculture of COA® cells with an MHC-mismatched LCL (1), culture of the autologous LCL only (7), and culture of COB*

cells only (4) Results from 2 infected mice are shown Five hundred COB* cells per well we
CDB* cells per well were cultured in that shown on the nght Spots were counted in tr
represent mean values and SEs. The unpaired Student’s 1 test was used for statistical analys:s
cells that produce IFN-y in response to stimulation with an EBV-positive LCL by fiow cytometry CDB

ultured in the expariment shown on the left, and 250
e in each of the 8 expenmental groups, and the bars
*P< 01 and*"P< 02 B Detection of human COB*
cells were 1solated trom the spleen of an

5

EBV infected mouse and cocultured with the autologous LCL Inracellular IFN-y was staned and analyzed as described in Methods

virus died of lymphoproliferative disorder ~5-10 weeks after
inoculation, The remaining mice in both of the lots that received
lower doses (1 % 10, 1 % 10°% and 1 X 10" TDy) survived
acute infection and appeared normal throughout the observa-
tion period of 22 weeks. Although EBV DNA was detected at
variable levels in their peripheral blood several weeks after inoc

ulation, it returned to undetectable levels thereafter (figure 1B),
suggesting that a certain protection mechanism worked to con-
trol EBV infection. Importantly, ERV DNA could be sull de-
tected in various organs, including spleen, liver, lungs, kidneys,
and adrenal glands, at the end of the observation period (22
weeks), indicating that EBV persisted in these mice (table 2)

Double staining tor EBER and CD20 showed that EBV persisted
in B cells (fgure 2G), Macroscopical examination by autopsy at
the end of the observation period did not reveal abnormality in

these mice, except for moderate splenomegaly found in a mouse
that received 1 X% 10 TDy. These results indicate that the out-
come of EBV infection in ANOG mice varies with the virus dose;
high doses of virus tend to cause fatal lymphoproliferative dis-
order, whereas lower doses induce apparently asympromatic
persistent infection.

EBV-specific T cell response in kNOG mice.

etry analysis demonstrated a dramatic increase in the percentage

Flow cytom-

of CD3" T cells among the human CD45" leukocytes after in-
tection with EBV. Thisincrease in T cells was accompanied by an
increase in the percentage of CD& ™ cells among human CD3* T
cells. These changes were seen in virtually all infected mice, and
the results from 3 mice are shown in figure 34, The slow increase
in the percentage of CD3” cells in the uninfected mouse repre-
sents the process of humanization (i.e., the development of hu-
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Demanstration of 1gM antibody ta the Epstein-Barr virus (EBV) BFRF3 pratein in the serum of humanized NOG (hNOG) mice. A, Immunablot

with the glutathione stransterase (GSTH-BFRF3 fusion protein. Purified GST-BFRF3 fusion protein was examined with serum from an EBV-uninlected
petson (gl an EAV-intected parson (b), EBV-infected ANOG mice (¢ and o}, and an uminfected hNOG mice (e and f). B, Immunoblot with the lysate of
EBV-producing Akata cells Lysate of anti-lgG-treated Akata cells, labeled Akata(+), and of EBV-negative Akata cells, labeled Akata[—), was examined
using serum from an EBV-uninfected person fa), an EBV-infected person (b), EBV-infected hNOG mice (c and d), and uninfected hNOG mice (e and 1)

man T cells). This increase in CD8* cells were even more con-
spicuous when their definite number was counted (figure 35).
When hNOG mice were inoculated with serially diluted virug
samples, a strnking dose response was evident; mice inoculated
with higher doses exhibited a more profound increase in CD8*
cells at earlier time points (figure 3C). Further flow cytometry
analyses showed that CD45RO™ memory T cells, compared with
CD45RA " T cells, increased in infected hNOG mice (hgure 3D).
Expression of a T cell activation marker, HLA-DR, was observed
mainly in CD8" cells rather than in CD4” cells (figure 3D).

To demonstrate that these CDR* T cells were directed against
EBV-infected cells, we examined [FN-y secretion after stimula
tion with EBV-transformed cells. For this purpose, we first es-
tablished an LCL using B cells isolated from the same cord blood
that was used to isolate HSCs for transplantation. CD8" T cells,
isolated from the peripheral blood of EBV-infected hNOG mice,
were incubated with this autologous LCL, and cells secreting
IFN-vy were detected by ELISPOT assay. For all 3 EBV-infected
hNOG mice (which had been infected at | X 10" TDy) thus
examined. a significant number of spots were recognized in the
wells in which CDR® T cells were mixed with the autologous
LCL, whereas those cells incubated with unrelated LCL had
many fewer spots (data from 2 mice are shown in figure 44).
CDH™ T cells isolated from uninfected hNOG mice did not give
asignificant number of spots (data notshown ). Release of IFN-y
wis blocked by antibody specific to human major histocompat-
ibility complex (MHC) class T but not by that specific to human
MHC class 1T (figure 44). These results clearly show thata T cell
response restricted by human MHC class I was mounted against

EBV-infected cells. In addition, in 5 of the 6 EBV-infected
hNOG mice examined (infected at 1 % 10" TDy), flow cytom-
etry also demonstrated production of TFN-y by CD8" T cells
isolated from the spleen and sumulated with an autologous LCL
(figure 48),

FBV-specific antibody response in hNOG mice.
samples from 30 EBV-infected hNOG mice were examined by
Western blotting for 1gM antibodies reactive with a bacterially
expressed GST-BFRF3 fusion protein, The BFRF3 protein is a
major component of the virus capsid antigen of EBV [26]. The
results are shown in figure 54 and indicated that four serum
samples (from mice infected at | X 10" or 1 X 10* TDy,) con-
tained IgM antibody reactive with it. These serum samples re-
acted also with the 18-kDa BFRF3-encoded protein in the lysate
of Akata cells stimulated with IgG antibody to activate virus pro-
duction (figure 5B). Similar experiments with human [gG-spe-

Serum

cific secondary anubody did not show a positive reaction with
either GST-BFRF or p18*%, Six serum samples collected from
uninfected hNOG mice reacted with neither the 18-kDa protein
nor GST-BFRF3 (figure 5 and data not shown). These results
indicate that hNOG muce have the ability to mount an IgM re-
sponse to EBV.

DISCUSSION

The lymphoproliferative disease induced in hNOG mice is re-
markably similar to the human lymphopraliterative disorder
seen in immunocompromised hosts [27] with respect to histol-
ogy, surface phenotype, and the type of EBV gene expression
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(latency 111}, Reproduction of latency 111 in the present study
makes for an interesting contrast with the previous model using
NOD/scid mice, which exhibited the latency 11 pattern [10].

EBV infection in lower doses resulted ina transient increase in
EBV DNA load in the peripheral blood, followed by apparently
asymptomatic infection that persisted for at least 22 weeks. This
type of asymptomatic EBV infection has not been described in
nonprimate models of EBV infection and may be regarded as a
model of human EBV latency. To compare this condition in
NOG mice with EBV latency in humans precisely, we need to
further investigate the nature of host cells (1.e., whether they are
memory B cells), the pattern of EBV gene expression in them,
and the involvement of anti-EBV immune responses in its main-
tenance,

In hNOG mice, human T cells develop in thymus tissue, in
which epithelial cells are of murine origin [16]. It is therefore
interesting that they could mount a T cell response restricted by
human MHC class 1. Although this suggests that positive selec-

tion of human T cells occurred in ANOG mice, the mechanism of

T cell education remains unclear. Alloantigen-specific and hu-
man MHC class I-restricted T cell cytotoxicity has been reported
in hNOG mice [15, 16]. An EBV-induced T cell response was
evident in mice that received high doses of virus and developed
lymphoproliferative disorder, suggesting that the T cell response
in hNOG mice was not sufficient to control EBV-induced lym-
phoproliferation when they were infected at high doses. That
only a minor fraction of CD8° T cells appeared to be EBV spe-
cific, as evidenced by FLISPOT assay and flow cytometry, may
explain this result, at least partially, A humeoral immune re-
sponse to EBV has not been documented in previous mouse
models of EBV infection, and therefore the NOG mouse may
provide a valuable tool to analyze the mechanism and the pro-
tective roles of untibody response in EBV infection, We have to
date clearly identified only IgM antibody to the 18-kDa compuo-
nent of virus capsid antigen in a minor fraction (4/30) of infected
mice. We are currently attempting to improve sensitivity and to
see whether ANOG mice can mount a more efficient and diver-
gent antibody response to the virus, possibly including the pro-
duction of IgG antibodies. Because hoth the T cell-mediated and
the humoral immune response are clicited in hNOG mice, they
may be useful in the evaluation of candidate EBV vaccines.
Very recently, humanized mice based on other immunodeti-
cient mouse strains were prepared, and EBV was used as atypical
pathogen to analyze their immune functions. Traggiaietal. [12]
nfected humanized Rag2 " 1L-2Ry™ "~ mice with EBV and doc-
umented an in vitro proliferative response by CD8* T cells toan
autologous LCL, Melkus et al. [11], on the other hand, human
ized NOD/said mice by transplanting human fetal liver, thymus,
and HSCs and succeeded in inducing an EBV-speaific T cell im-
mune response as well as an innate immune response o toxic
shock syndrome toxin 1. These 2 studies were performed mainly
using immunological standpoints and did not provide detailed

data from \'|r{||ug1(.l| mvestigations. An '.|l.¥\‘.}||l'.|gt of the NOG
mouse model described here 15 that it does not require a fine
surgical procedure using human fetal tissue; therefore, NOG
mice can be easily provided in large quantities.

In immunocompromised humans, failure of immunosurveil-
lance may lead to the development of lymphoproliferative dis-
order. We expect that the NOG mouse model can be used 1o
analyze the exact relationship between immunodeficiency and
the development of lymphoproliferative disorder. Tmmune re-
sponses in the ANOG mouse can be modulated by immunosup-
pressive drugs (such as cvclosporine A) or HIV, and the devel-
opment of lymphoproliferative disorder can be analyzed with
special reference to the nature and level of immunodeficiency.
This kind of study, which has not been possible with conven-
tional scid mice, may reveal an exact condition in which lympho-
proliferative disorder develops and may thereby aid the develop-
ment of a specified immunosuppressive procedure that evades
this condition and precludes the risk of lymphoproliferative dis-
order.

In summary, the NOG mouse is able to recapitulate various
essential elements of human EBV infection and is therefore, to
our knowledge, the most comprehensive small-animal model of
EBV infection described to date. It should be a valuable tool for
the study of the pathogenesis, prevention, and treatment of EBV
infection.
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In this study, we analyzed the roles for AMLI/RUNX1 in the
regulation of the c-mpl promoter. Wild-type AMLI activated
the c-mpl promoter through the proximal AML-binding site in
luciferase assays using 2937T and HeLa cells, In accord with this
result, clectrophoretic mobility shift assay and chromatin
immunoprecipitation assays demonstrated that AMLI bound to
this site. Next, we analyzed the function of AMLI usinga mutant
of AMLI lacking the C terminus (AMLIdC), which was origi-
nally found in a patient with myelodysplastic syndromes.
AMLIAC dominant-negatively suppressed transcriptional ac-
tivity of wild-type AML1. However, unexpectedly, AML1dC-
transduced murine ¢-Kit"Scal * Lincage ™ 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, AMLIAC augmented the c-Mpl
expression on hematopoietic stem/progenitor cells. Further-
mare, we found that early hematopoietic cells that derived from
AMLIT'™ 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
Lypes.

AMLI (RUNX1) is a family member of heterodimeric tran-
scription factors named core binding factors. AMLY! was origi-
nally identified at a breakpoint on human chromosome 21 in
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of Life Sclence. The casts of publication of this article were defrayed in part
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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 AMLI is utilized for DNA binding and heterodimer-
ization with a partner PEBP2B/CHFf. Although PEBP2S by
itself does not bind to the DNA, the association with PEBP2f3 s
necessary for AMLI to elicit its bivlogic activity (4-6). AMLI
can regulate the transcription of the target gene buth positively
and negatively through the binding to the consensus DNA
sequence, 'GT/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 AMLL is essential tor the early step in
definitive hematopoiesis (14). North et al. (15) revealed that
AMLI 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. AMLL deletion in adult mice led to the impaired
polyploidization of megakaryocytes and low platelet produc-
tion (17, 18), whercas the number of megakaryocyte progeni-
tors was not alwered in these mice, suggesting that AMLI is
indispensable for the terminal maturation of megakaryocytes.
Also, the hereditary loss-of-function mutation of AML1 or

* The abbreviations used are; AML, acute myelogenous leukemia; HSC, hema-
topoietic stem cells, EMSA, electrophoretic mobility shift assay. ES, embry-
onic stem cell; TRO, thrombopoletin; ChiP, chromatin immunoprecipita-
tion; FACS, fluorescence-activated cell sorter; DMEM, Dulbecco's modified
Eagle’s medium; FBS, fetal bovine serum; Ab. antibody; MDS, myelodys-
plastic syndrome; FITC, luorescein isothiocyanate; CLP, commaon lymph-
oid progenitor; GFP, green fluorescent protein; RT, reverse transcription:
DN, double-negative; h, human; m, murine; IL, interleukin; WT, wild type;
MT, mutant; Tet, tetracycline; SCF, stem cell factor; BFU-E, burst-forming
unit-erythroid; CFU-GM, colony-forming unit-granulocyte macrophage;
CFU-GEMM, colony-forming  unit-granulocyte erythrocyle monocyte
macrophage
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AML1 Works as a Negative Regulator of c-Mpl in HSCs

PEBP2S causes familial platelet disorder with predisposition to
AML(FPI/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 Flt3 (21, 22);
deletion, point mutation, and/or silencing of cell eycle 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 AML! were found in
15-17% ol patients with sporadic MDS/AML (high risk MIDS
and AML following MDS) (3, 30). Previously, point mutations
of AMLI were intensively screened in the N-terminal region,
including the Runt domain in patients with AML and MDDS, and
the rescarchers found several point mutations, most of which
disrupts DNA binding activity of AML1 but not the interaction
with PEBP2 (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 AMLI1 lead to the premature termina-
tion vielding the C-terminally truncated form of AML1, which
inhibits transenptional activity of AMLI.

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 im vive (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-
lopoicsis, 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 ¢-Mpl ™"~ mice
(57). Also, c-Mpl HSCUs 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 H5Cs 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 AML1 might have some influence on TPO/¢-Mpl sig-
naling. 50, we here examined the effects of AMLL on the ¢-Mpl
transcription using the promoter analyses. Also, we analyzed
the biologic effects of AML1AC on c-Mpl expression in HSC
and megakaryocytes and on megakaryoevtic ditferentiation,

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Recombinant human (h) interleu-
kin-6 (hlL-6), murine (m) 1L-3, murine stem cell factor (mSCF),
human thrombopuoietin (RTPO), human erythropoietin, and an
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anti-mouse c-Mpl monoclonal antibody were provided by Kirin
Brewery Co. (Tokyo, Japan). Human fit3-ligand was purchased
from PeproTech (London, UK). Fluorescein isothiocyanate
{FITC)-conjugated rat 1gG1 and biotinylated rat 1gG2b were
purchased from Immunotech (Marscilles, France), Biotinylated
anti-lineage (Lin) antibodies (Abs) against Gr-1 (RB6 - 8C5),
B220 {(RA3-6B2), CD3 (145-2C11), Macl (M1/70), and
Terll9 (TERL1Y), 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 IpG were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA).

Plasmid Constructs—The expression vectors for AML1b and
AMLI-MTGS (pRCCMV-AMLIb and pRCCMV-AMLI-
MTGB) 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 AM1L1dC were generated by subcloning
these ¢DNAg 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, W) as described previously (37). In short, 293T cells (2
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 pg) 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 LBY6D
(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 (W'T)
(TGTGGT) or mutated (MT) (TGTTAG) AMLI-binding site
were added to the DNA-binding reaction mixtures. The
sequences of the oligonucleotides are as follows: WT AMLI,
5 -CGAGTATTGTGGTTAATACG-3"; MT AMLI, 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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AML1 Works as a Negative Regulator of c-Mpl in H5Cs

Chromatin Immunoprecipitation (ChiP) and ReChlP 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
mn glycine, After isolation of the nuclear extract, chromatin
was sonicated to shear DNA to the length between 200 and
1000 bp. After sonication, AMLI-DNA-binding complexes
were immunoprecipitated with the anti-AML1 Ab or control
goat I1gG. The immunoprecipitated DNA was eluted and sub-
jccted 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 5, 65 "C for 30 s, and 72 °C for
305, followed by 72 °C for 10 mun. 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 (ReChlP) experiments, we
performed a first ChIP with the anti-AML1 Ab. Immunopre-
cipitated complexes were eluted by incubation for 30 min at
37 "C in 50 ul of 10 mmol/liter dithiothreitol. After centrifuga-
tion, the supernatant was diluted 20 times with ReChIP buffer
(1% Triton X-100, 2 mmol/liter EDT A, 150 mmuol/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" Seal " 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 Medium 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-told 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 (TTAKARA BIO), Shiga, Japan) and cul-
tured with conditioned medium containing retrovirus and
Polybrene (10 wg/ml) in the presence of mSCF (100 ng/ml) and
RTPO (100 ng/ml). After 24 h, cells were washed and cultured
in DMEM containing 10% FBS, mSCF (50 ng/ml), human flt3-
ligand (30 ng/ml}, and h1L-6 (50 ng/ml).

Flow Cytametry—Two days after retrovivus 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 iodide and analyzed by the same

OCTOBER 31, 2008+ V0| UMF J83-NUMBFR 44

device. FACS data were analyzed by FlowJo software (TreeStar,
Ashland, OR). To analyze TPO-dependent tyrosine phospho-
rylation of STATS, we used BD Phosflow™ Technology (BD
Biosciences). Two days after retrovirus infection, Mock-,
AML1dC-, and AML1b-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 (pY6Y4) and analyzed by FACS Aria (BD
Biosciences).

RT-PCR—For RT-PCR, total RNA was isolated from 7 % 10°
GFP'" cells and was reverse-transcribed into ¢DNA with oli-
go(dT) primers (Pharmacia, Piscataway, NJ) using SuperSeript
11 reverse transcriptase (Invitrogen). PCR was performed in a
total volume of 50 pl using 4 pl of the cDNA product as a
template and 1 ul of Advantage cDNA polymerase mix (Clon-
tech). The primer sets to amplify murine c-mpl and -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 |
min, followed by 22-35 cycles of 94 °C for 30 s and 68 °C for 3
min, fallowed by 68 *C 5 min. The P'CR products were electro-
phoresed on agarose gels, and their amounts were evaluated by
staining with SYBR Green [ (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 OPY 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 | % 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
AMLIdC tn ES Cells—To inducibly express AML1AC 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-
tropuration (800 V, 3 microfarads) and selected one clone des-
ignated E14 by the culture with 1 gg/mlof Puro and/or 1 pg/ml
of Tet, in which the Tet-regulatory system works most effec-
tively. We further transfected pUHD10-3-AMLIAC-GFP,
which can inducibly express AML1AC and GFP as a single
mRNA through the internal ribosome entry site in responsce 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 AML1AC in the
30047
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the presence of its heterodimeriza-
tion partner, PEBP2S. As there were
two putative AMLI-binding sites
(TGTGGT) in the —724 construct,
we further constructed several dele-
tion mutants, Although deletion
of the distal AMLI-binding site
{(—=711) and extended deletion up to
—135 bp did not influence the c-mpl
promoter activation by AMLID, the
=120 construct further lacking
the proximal AMLI-binding site
(—124) was scarcely activated by
AMLL. In addition, AMLI1b could
not activate —124mt construct, in
which the proximal AMLI-binding
site was changed from TGTGGT
to TGTTAG. Furthermore, AMLI
activated the 3% —135/—116 con-
struct  containing three tandem
repeats of the proximal AMLI-
binding site and minimal JunB pro-
moter over 10-fold. Similar results
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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, PEBP2f3, and 2 uq 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.D. of triplicate cultures. B, Hela cells were transfected with 0.5 ug of AML1b and

PEBP2f and 1 ug of reporter genes by FUGENE 6

I'et” 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 methyleellu-
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 Promuoter Activity—To examine
the effect of AMLI on TPO/¢-Mpl-mediated signaling, we ini-
tially examined whether AMLI transcriptionally regulates the
cxpression of c-mpl. For this purpose, we performed luciferase
assays with the —724 construct, a reporter gene containing the
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assays using HeLa cells (Fig. 1B).
I'hese results suggest that AMLI
may regulate the expression of
c-mpl through the proximal AML1-
binding site in the promoter.
AMLI  Transcriptionally Regu-
lates the c-nipl 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  ¢-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 PEBP2# with or without AMLIb. As
compared with the nuclear extract from AML1b-untransfected
2937 cells (Fig. 24, lane 1), that from AML1b-transfected cells
formed two additional complexes with the c-mp! (— 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 &) but not by the M'I" competitor (lanes 4 and 9). Further-
more, these complexes were supershifted by the anti-AMLL Ab
(Fig. 24, lanes 5 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 e-mpl promoter in vive, we conducted Chil? assays
using the anu-AMLI Ab. To obtain enough numbers of hema-
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A
Probe c-mpl promoter AML-binding sequence
-1384116
T T 1
Antibod MAMLI} (=) (=) (=) (<) (F)(=) (=) (=) (=) (+)
Competitor (=) (=) WTMT (=) (=) (—) WITMT{=)
AMLID (=) (F)FHHHF) (#) (R () ()
PEHPIH (+) (HHEH) (U () (4D (+) ()
- Siipershifl
AMLIb—
Free probe
123 4 56 7 8910
i «135 -1
Primer setting: — 124 T
Human c-mp! promoter b
&
5 g 8 &
s & F

Murine
hematopoietic cells

FIGURE 2. Analysis of the resy i | to AML1b in the c-mp/! pro-
moter. A, EM5SA was performed with the probe containing putative AML1
hinding sequence in the human c-mp/ promoter or known AML1-binding
sequence (positive control). Nuclear extract was isolated from 2937 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
oligonucleotide was added to the binding mixture, 8 location of AML1-bind-
Ing site and the primer setin the c-mpl promoter utilized lor the ChIP assay are
indicated. The nuclear extract was |solated from primary cultured murine
hematopoietic cells and CMK cells, and the chromatin was sonicated. Then
AML1-DNA-binding complexes were Immunoprecipitated with the anti-
AMLT Ab (N-20) or control goat lgG. 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.

topoictic cells, we separated Lin ~ cells and cultured with mIL-3
and hTPO for 3 days. Nuclear extracts were isolated from 1 %
107 cultured cells. As shown in Fig. 28, the c-mpl promoter,
including the proximal AMLI-binding site. was immunopre-
cipitated by the anti-AMLI Ab but not by control IgG (Fig. 2B)
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 AMLI bind to
the proximal AMLI-binding site in the ¢-mpl promoter and
suggest that AMLI might regulate its transcription.

AMLIAC Dopninant-negatively Suppresses AMLI Function
Next, we examined the effects of amutant of AML1b, AML1dC,
on the c-mpl promoter activity. AML1dC is a C-terminal dele-
tion mutant of AMLI1bD (Fig. 34), which was originally identified
in a patient with MDDS (30). Harada et al. (30) reported that this
mutant suppressed transactivation acuvity of AMLI1 for mac-
rophage colony-stimulating factor receptor. As was the case
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with the macrophage colony-stimulating factor receptor,
AMLIAC dose-dependently suppressed AMLIbL/PEBP2[3-in-
duced c-mpl promoter activity in 2937T cells as efficiently as
AMLI-MTGS, which is known to act as a dominant-negative
repressor of AMLI (Fig. 38). To clarify how AML1dAC inhibits
AMLI activity, we performed EMSA with the c-mipl (—135/
= 116) probe. As shown in Fig. 3C, only 2.5 pg of cotransfected
AMLIAC was able to effectively cancel the DNA-binding com-
plex formed by 10 ug of transfected wild-type AMLIb, which
was more prominent when 10 pg of AML1AC was cotrans-
fected (Fig, 3C, lanes 3 and 4). These results suggest that
AMLIAC dominant-negatively suppresses the function of
AMLI by inhibiting its DNA binding activity.

AMLIAC Enhances c-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 AMLL in the c-Mpl regulation in hematopoietic stem/
progenitor cells. For this purpose, we transduced AMLLAC and
AMLIDb into murine KSL cells with a retrovirus system (Fig.
44). I'wo 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 ¢-Mpl was more intensely
expressed in AML1dC-transduced cells than in mock-trans-
duced cells (mean fluorescent intensity, AMLAC 79.8 versus
Maock 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: AMLD 49.0 versus Mock 61.5) (Fig. 4. B
and C).

AMLIAC Enhances c-Mpl Expression in Hematopoietic Cells
That Derived from Murine ES Cells—"To further explore the
effects of AMLIAC on the ¢-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, aftes
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 FIk-17 cells on day 45, we inducibly expressed
AMLLAC 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 AMLI1dC-transduced ES cells were
positive for c-Mpl in the GFP-negative fraction (Fig. 58, upper
left panel). In contrast, after the culture without Tet, 77.0% of
AML1dC-transduced ES cells were positive for ¢-Mpl in the
GFP-positive fraction (Fig. 5B, upper right panel). Similar
results were obtained in other clones of AMLIAC (data not
shown). Tet deprivation by itself did not influence ¢-Mpl
expression in mock-transduced ES cells (data not shown).
Together with the results obtained from AMLI1dC- and
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FIGURE 3. AML1dC dominant-negatively suppresses AML1 function, A, harizontal bars show WT AML1b
(453 amino acids (aa)), C-terminal deletion mutant of AML 1b (288 amino acids), and AML1/MTGB (753 amino
acids). In the case of AML1AC, the insertion of ACCGT into 669 -670 causes frameshift mutation and results in
wuncation of WT AML1b. RUNT indicates the runt domain; TA indicates the transactivation domain; VWRPY
indicates the VWRPY motif, 8, 2937 cells were transfected with 2 ug of AML1b, PEBP2S, and indicated doses of
AML1AC or AML1/MTGE. 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 lrom 2931 cells
transfected with empty vector (10 pg) or AMLYb (10 ug), PEBP2 4 (10 ug), and indicated doses of AML1dC

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 hematopaoietic
stem/progenitor cells, in which the
expression of AMLL was simply
reduced. For this purpose, we devel-
oped hematopoietic stem/progeni-
tor cells from murine AMLI"" ES
cells and examined the o-Mpl
expression on these cells, because
AMLI-null-ES cells cannot differ-
entiate into delinitive hematopaoi
etic cells (47). As a result, we found
that early hematopoietic cells that
derived from AML1I™" ES cells
expressed ¢-Mpl more intensively
than those that developed from W'T
ES cells (mean fluorescent intensity,
AMLI1® 129.8 versus W1 27.0)
(Fig. 5C). This result again suggests
that AML]I is a negative regulator of
¢-Mpl expression in hematopoietic
stem/progenitor cells.

AMLIAC Does Not Influence the
c-Mpl Expression in Megakaryocytes
or Their Maturation—Except for
immature  hematopoictic  cells,
c-Mpl is exclusively expressed on
megakaryocytic cells and  plays
essential roles in megakaryopoi-
esis and subsequent platelet pro-
duction, So we next analyzed the
cffects of AML1dC on megakaryo
cytic maturation and the ¢-Mpl
expression on mature megakaryo-
cytes. For this purpose, we cul-
tured AMLIdC-transduced ES
clones in the presence of TPO for
12.5 days (Fig. 5D). On day 12.5,
morphologic analysis showed that
AML1dC transduced ES cells were
able to possess polyploid nucleus,
which is characteristic of mature
megakaryoeytes, regardless of the
presence or absence of Tet (Fig.
5D). Also, FACS analvsis on day
12.5 showed that Tet deprivation
neither inhibited polyploidization
of megakaryocytes (Fig. 5E) nor
their ¢-Mpl expression (Fig. 55,

AMLIb-transduced KSL cells, these results indicate that wild-
type AMLI s a negative regulator of the c-mipl transcription in
hematopoictic stem/progenitor cells

Haploinsufficiency of AMLI Also Enhances c-Mpl Expression
in ES-derived Hematopuietic Cells— AML1dAC might influence
the expression of ¢-Mpl on hematopoietic stem/progenitor
30050 ©

lower panels) in AML1dC-transduced ES cells.

AMLI Forms Different Traunscriptional Complex on the
c-mpl Promoter in Hematopoietic Stem/Progenitor Cells anid
Megakaryocytes—Our findings suggested AMI differentially
regulates the ¢-Mpl expression in hematopoietic stem/progen-
itor cells and megakaryocytic cells. Because AMLL forms a
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FIGURE 4. Analysis of the c-Mpl expression in murine hematopoietic stem/progenitor cells. A, structure of Mie (Mock), Mie-AMLTAC, and Mie-AMLTb
retroviruses, 8, 2 days after retroviral transfection, GFP ™ cells were sorted and subjected to RT-PCR to examine the expression of c-mpland f-actin mRNA. C at
the same point, the surface phenotype of GFP * fraction of Mie, Mie-AML1dC, and Mie-AML1b-transduced cells was examined by FACS. Dot plots of cell-surface
expressions of c-Kit and c-Mpl (upper panels) are shawn. Histagram plots and mean fluorescent intensities of c-Mpl expression (middle and lower paneks) are
shown, LTH, leng terminal repeat; IRES, internal ribosome entry site
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FIGURE 6. AML1 forms different transcriptional complexes on the c-mp/!
pr ter in h ietic stem/p itor cells and megakaryocytes.
A, experimental deslgn of ChiP-ReChIP d!sr}:ﬂ Murine Lin~ Scal” cells were
cultured for 3 days with mSCF (50 ng/ml), miL-3 (10 ng/ml), and hTPO (50
ng/ml), These cultured cells and CMK cells were cross-linked and subjected to
the ChiP-ReChIP assays. B, after the second immunoprecipitation (IF), PCR
analyses were performed using the primer set shown In Fig. 2 with the eluted
DNA as a template,

transcriptional complex with various molecules, we hypothe-
sized that AML1 may change the binding partner included in
the transcriptional complex, thereby regulating the e-mpl pro-
moter either positively or negatively according to cell types. To
assess this ||I\'p||l]|m|x. we pt.‘rfnrml.'d ChiP-ReChlIP assays,
Nuclear extracts were prepared  from  3-day-cultured
Lin Scal” cells and CMK cells. After the first ChiIT with the
AMLI Ab, the eluted samples, including the transcriptional
complex of AMLI1, were re-immunoprecipitated by the anti-
p300 Ab and anti-mSin3A Ab respectively (Fig. 64), As shown
in Fig. 68, upper panel, the anti-mSin3A Ab but not the anti-
p300 Ab immunoprecipitated the c-mpl promoter from the
transcriptional complex of AMLI] obtained from Lin~ Scal”
cells. In contrast, the c-mpl promoter was immunoprecipitated
by the anti-p300 Ab but not by the anti-mSin3A Ab from the
transcriptional complex of AML1 isolated from CMK cells (Fig.
6R), These results suggest that AMLI represses the c-npl pro-
moter by forming a complex with a transcriptional corepressor
mSin3A in hematopoictic stem/progenitor cells, although it
activates the c-mpl promoter by forming a complex with a tran-
scriptional activator p300 in megakaryocytic CMK cells.
AMLIAC Enhances TPO Signaling and TPO-dependent Col-
uny Forming Activity—To asscss the biologic significance of the
AMLIdC-enhanced ¢-Mpl expression in hematapoicetic stem/
progenitor cells, we initially compared TPO-induced tyrosine
phosphorylation of STATS between AML1dC- and Mock-
transduced KSL cells by flow cytometry. As a result, we found
that the stimulation with TPO for 15 min activated STATS

muore effectively in AMLIAC-transduced cells than in Mock-
transduced cells (% of activated cells: AML1AC 51.8% versus
Mock 32.2%) (Fig. 7A4). Meanwhile, TPO-induced STATS acti-
vation in AMLIb-transduced cells was distinctly attenuated
compared with Mock-transduced cells (% of activated cells,
AMLID 11.1% versus Mock 32.2%). Also, we performed colony
assays using these cells under several conditions with or with-
out TPO. As shown in Fig. 78, although AML1dC- and Mock-
transduced KSL cells developed almost equivalent numbers of
hematopoietic colonies in the absence of TPO, AMI1dC-trans

duced KSL cells yielded more and larger colonies than Mock-
transduced KS1. cells in the presence of TPO. In particular,
CFU-GEMM was formed from AML1dC-transduced KSL cells
but not from Mock-transduced KSL cells. These results suggest
that the aupmented ¢-Mpl expression by AMLIAC led to the
enhanced proliferation (in part, self-renewal) and survival of
KSLs through the TPO/c-Mpl signaling (Fig. 78).

DISCUSSION

Because both AMLT and TPO/c-Mpl signaling play impor
tant roles in the growth of HSCs and mubakary‘npniusis. we
assumed that AMLI might regulate TPO/c-Mpl signaling.
Also, in a recent paper, Heller ef @l (31) reported that platelet
surface c-Mpl expression was decreased in FPD/AML patients,
suggesting that AML] would augment ¢-Mpl expression in
megakaryocytes. To clarify this relationship, in this study we
performed luciferase assays, EMSA, and ChIP assays with the
c-mipl promoter. Asaresult, we found that AML1 directly binds
to the proximal AML-binding sequence between —137 and
—122 bp of the c-mpl promoter, thereby regulating its activity.
In agreement with the suggestive data by Heller et al. (31),
AMLI activated the c-mpl promoter in luciferase assays using
29371 cells and Hela cells. However, the enforced expression of
a dominant-negative form of AML1, AMLI1dC, in KSL cclls by
the retrovirus system enhanced o-Mpl expression in hemato-
poietic stem/progenitor cells and exogenous AML1b transduc-
tion into KSL cells and attenuated c-Mpl expression and TPO-
induced STATS activation. Also, the induced expression of
AML1dC during the development of hematopoietic cells in the
OP9 system enhanced ¢-Mpl expression on hematopoietic
stem/progenitor cells. Furthermore, early hematopoietic cells
that derived from AML1""" ES cells expressed ¢-Mpl more
intensively than those that developed from W'I' ES cells. These
results suggest that AMLI is a negative regulator of ¢ Mpl
expression in these cells, which is opposite to its role n
megakaryocytes. As for this inconsistent result observed in
hematopoietic stem/progenitor cells, we speculate that AMLI
would be able to regulate the c-mpl promoter both positively
and negatively according to cell types. In fact, AMLI and its
heterodimeric partner, PEBP2, have been reported to form a

FIGURE 5. Effects of AML1dC on c-Mpl expression on h topoieti

9
design using the OP3 system. ES cells were deprived of leukemia snhlbllcry factor and cultured on OP9 cells for 4.5 days. Then Flik-1*

cells and megakaryocytes and megaklryopolem A, experimental
cell were sorted, replated

onto OPY cells, and cultured with mSCF and hTPO (for the analysis of c-Mpl expression In hematopaietic stem/progenitor cells) or only hTPO (for the analysis
of megakaryocytic differentiation) with or without Tet for the time indicated. B, ¢-Mpl expression of nonadherent cells was examined by the direct immuno-
fluorescence method on day 8.5 and day 12.5. The percentage of each fraction is indicated. The relative frequency of GFP ™ fraction in cultured cells with Tet and
the relative frequency of GFP * fraction in cultured cells without Tet were shown in parentheses. C, c-Mpl expression on early hematopoietic cells that derived
from WT and AMLY " ES cells on day 8.5, D and E, after 12 5-day cultures with TPO, megakaryocytic cells, which derived from ES cells expressing AMLAC, were
subjected to morphological analysis (0), and DNA content analysis by propidium lodide staining (£)
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FIGURE 7. AML1dC enhances TPO signaling and TPO-dependent colony forming activity. A, after 15 min of TPO stimulation, tyrosine phosphorylation of
STATS was examined by FACS in Mock-, AML1dC-, and AML Ib-transduced cells, which are gated as a GFP™ fraction. Red line, with TPO stimulation. Blue line
without TPO stimulation. B. 2 days after retrovirus infection, GFP * cells (1000 cells/dish) were seeded into the methylcellulose media with indicated cytokines

The number of CFU-GM was counted on day 7 and those of BFU-E and CFU-GEMM on day 12. The results are shown as mean =

CFU-GEMM (open square); BFU-E (closed square), CFU-GM (gray square)
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transcriptional complex with various molecules and to change
its function dependently on cell types. When AMLI forms a
complex with p300/CBP and MOZ, this complex strongly stim-
ulates AMI1-mediated transcription (48). On the other hand,
when AMLI combines with mSin3A, this complex works as a
transcriptional repressor (49), In agreement with this specula-
tion, we found that AMLI forms a complex with mSin3A on the
c-mpl promoter in  hematopoietic stem/progenitor cells,
whereas it formed a complex with p300 on the same promoter
in megakaryocytic cells (Fig. 6B). These results suggest that
AMLI plays distinct roles in the regulation of the c-mpl pro-
moter dependent on cell types by changing the binding partner.

In a previous paper, lchikawa et al. (17) reported that condi-
tional targeting of AMLI in adult mice led to the impaired
polyploidization of megakaryocytes, resulting in the low plate-
let production. Also, patients with hereditary FPD/AML, which
was caused by the heterozygous point mutations of the AMLI
gene or the PEBP2{ gene revealed low platelet numbers in the
peripheral blood (19). To clarify the roles of AMLL in
megakaryocytic maturation, several studies have been per-
formed. Consequently, Bernardin-Fried et al. (50) found that
AML1 directly activates the cyclin D3 promoter, thereby
enhancing DNA synthesis required for polyploidization. Also,
Goldfarb and co-workers (51, 52) showed that AML1 binds to
and activates the promoter of megakaryocyte-specific genes,
allbintegrin, and glycoprotein Iba, in combination witha tran-
scription factor specific for the erythroid/megakaryocyte line-
age, GATA-1, thereby promoting phenotypic maturation of
megakaryocytes (51, 52). Most AML] mutations observed in
FPD/AML and AML are clustered within the Runt domain in
the N-terminal region (19, 53-55). Heterozygous Runt domain
mutations show haploinsufficient phenotype because of their
reduced DNA binding and PEBP2f binding (30, 53). On the
other hand, because C-terminal deletion mutants of AMLL
have enhanced DNA-binding potential, they strongly suppress
wild-type AML1 function through the blocking of its DNA
binding in a dominant-negative manner (30). In line with this
result, we also found that AMLAC lacking the C-terminal
amino acids 224 - 453 dominant-negatively suppressed DNA
binding of W' AMLI in EMSA using nuclear extracts of 2937
cells, However, in this study, we found that AML1dC scarcely
influenced the morphology or polyploidization of megakaryo-
cytes. This result seems to be at variance with previous reports
indicating the importance of AML1 in megakaryopoiesis (as
described above). However, because an apparent abnormality
was not detected in megakaryopoiesis and platelet production
in AMLI heterozygous knock-out mice (14), it was speculated
that pure haploinsufficiency of AMLI would not impair matu-
ration of megakaryocytes or platelet production. Although gen-
uine haploinsufficiency of AML1 was observed in some cases, it
was also speculated that a greater majority of mutant AMLI
proteins are assumed to act in a dommant-negative manner
(56). So, at present, it remains unknown to what degree AMLI
activity must be suppressed to cause the defect in megakaryo-
poiesis, In addition, there is a possibility that although
AMLIAC was found to act as a dominant-negative suppressor
of AMLI in 2931 cells in this study, AML1dC protein might be
tar more labile than wild-type AMLI in megakaryocyies. Alter-
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natively, it is also possible that AMLAC might reveal some
unknown biologic effect on megakaryopoiesis in combination
with other transcriptional regulators such as GATA-L.
Although the precise mechanism remains to be clarified, our
data suggest that AMLAC lacking the C-terminal amino acids
224453 by itself would not be responsible for the impaired
megakaryopoiesis in the original MDS patient. Further studies
using several C-terminal mutants are required to clarify the
roles of mutants of AMLI in impaired megakaryopoiesis in
MDS patients.

Conditional deletion of AMLI in adult mice leads to the
expansion of the HSC compartment and reduction of commaon
lymphoid progenitors (CLPs) as well as impaired megakaryo-
poiesis (17, 18), suggesting that AML1 enhances differentiation
of HSC toward the CLP compartment. Meanwhile, c-mip/
mRNA is expressed on HSCs and common myeloid progen-
itors but not on CLPs (16). However, considering our result
that AML1-deficient hematopoictic stem/progenitor cells
arc hyper-responsive to TPO because of the enhanced ¢-Mpl
expression, these reports may simply indicate that AMLI-
deficient HSCs and common myeloid progenitors would
overgrow as compared with CLPs in response to the TI'O
stimulation. Also, it was speculated that MDS stem cells har-
boring AMLI1dC might be hyper-responsive to TPO, leading
to the accumulation of oxidative stress that causes second
genetic abnormalities,

In conclusion, we show here that AMLI acts as a negative
regulator of c-Mpl expression in hematopoietic stem/progeni-
tor cells which is opposite to its role in megakaryocytes. Also,
we found that hematopoietic stem/progenitor cells harboring
AML1dC were hyperproliferative in response to TPO. Further
studies focusing on the roles of various types of AML] mutants
would be useful to clarify the physiologic roles for AMLI and to
understand the pathophysiology of MDS.
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