PCR with a sensitivity of 200 copies/ml to detect BKV.
Quantitative PCR may be required to further clarify the
impact of BKV infection on LHC.

The route of infection in patients with AdV-associated
LHC has not been clarified. AdV can be transmitted by the
inhalation of aerosolized virus and by the inoculation of
virus into conjunctival sacs, but AdV-associated LHC was
usually not preceded by symptoms of acute infection of the
upper airway or conjunctiva. The fact that most adults
have serum antibody to multiple serotypes of AdV also
supports the notion that the reactivation of latent AdV
infection, rather than acute infection, may be the major
etiology of LHC. Interestingly, we identified male sex as a
significant risk factor for the development of LHC.
Similarly, the incidence of childhood HC is two to three
times higher in boys than in girls.® Furthermore, AdV type
11 was shown to be the major causative agent in childhood
HC, and its incidence is higher in Japan than in the West.®
Considering all of these findings together, we considered
the hypothesis that AdV type 11 may show tropism to a
male-specific organ around the urinary tract, and acute
infection in childhood may be followed by a latent infection
in this organ. Reactivation of the virus in immunocompro-
mised conditions after HSCT, especially in patients with
acute GVHD, may cause LHC, and thus lead to a higher
incidence in males.

Five of the six AdV-associated LHC patients examined
had AdV type 11 viremia as proven by serum PCR. These
serum samples were obtained during the episode of LHC.
However, the clinical course of these patients was not
different from that of the other LHC patients. On the other
hand, some previous studies showed that the detection of
AdV DNA in serum by PCR predicts the development of a
severe or fatal AdV infection.'®!! However, the previous
study populations were different from ours; they included
pediatric patients or recipients of T-cell-depleted hemato-
poietic stem cell transplantation. Furthermore, most of
these studies did not analyze AdV type 11 but type 1, 2, 5,
12, 31, 34, and 35 infections. Therefore, we considered that
the impact of AdV viremia may differ among patient
populations, the level of immunosuppression, and/or the
serotype of AdV,

In conclusion, LHC after HSCT was predominant in
males and patients who developed acute GVHD. The
detection of AdV type 11 DNA by serum PCR was not

Late-onset HC after hematopoietic stem cell transplantation
¥ Asano et al

associated with severe AdV infection in this population.
However, these findings should be wvalidated in other
Japanese adult populations.
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AML1 (RUNXI) is one of the most frequently disrupted
genes in human leukemias. AMLI encodes transcription
factors, which play a pivotal role in hematopoietic dif-
ferentiation, and their inappropriate expression is asso-
ciated with leukemic transformation of hematopoietic
cells. Previous studies demonstrated that the transcrip-
tion cofactor p300 binds to the C-terminal region of
AML1 and stimulates AMLI-dependent transcription
during myelcid cell differentiation. Here, we report that
AMLI1 is specifically acetylated by p300 irn viire. Mu-
tagenesis analyses reveal that p300 acetylates AMLI at
the two conserved lysine residues (Lys-24 and Lys-43).
AML]1 is subject to acetylation at the same sites in vive,
and p300-mediated acetylation significantly augments
the DNA binding activity of AMLI, Disruption of these
two lysines severely impairs DNA binding of AML1 and
reduced the transcriptional activity and the transform-
ing potential of AML1, Taken together, these data indi-
cate that acetylation of AMLI1 through p300 is a critical
manner of posttranslational modification and identify a
novel mechanism for regulating the function of AML1.

AMLI1 (PEBP2aB, core binding factor o2, or RUNX1) and its
cofactor PEBP2f/core binding factor B are the most frequent
targets of chromosomal translocations in human lenkemias (1).
The AMLI gene was identified through its involvement in the
(8;21) translocation, which rearranges the AML1 gene on chro-
mosome 21q22 and the ETO (MTG8) gene on chromosome
8q22, resulting in the generation of the AML1-ETO fusion
protein (2—-4). AMLI is also involved in human leukemias car-
rying t(3;21) or t(12;21) translocation, suggesting that it plays
an important role in leukemogenesis (5—-8).

The AML1 gene encodes a transcription factor containing an
N-terminal DNA-binding domain that is highly homologous to
the Drosophila pair-rule protein Runt, which is called the Runt
domain (9). AML] binds to the core enhancer DNA sequence,
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TG(T/c)GGT, called the PEBP2 site, through the Runt domain.
Its affinity for DNA is markedly increased by heterodimeriza-
tion with PEBP23 (10-13). This heterodimeric complex regu-
lates transeription of a large number of hematopoietic lineage-
specific genes (14, 15). Targeted disruption of either AMLI or
PEBP2B has demonstrated that both AML1 and PEBP28 are
essential for all lineages of definitive hematopoiesis in the
murine fetal liver (16-18). In addition, AML1 exhibits the
transforming activity when expressed in fibroblasts, and this
activity requires both the Runt domain and the C-terminal
transcriptional regulatory domain called the PST region (19).
At least four forms of the AML1 proteins are produced by
alternative splicing, termed AMLla, AML1b, AMLlc, and
AMLI1AN (20, 21). Among them, AML1b is one of the transcrip-
tionally active forms, which contain both the Runt domain and
the PST region (22). We simply refer to this alternative form as
AML1 hereafter.

Previously, Kitabayashi et al. (23) demonstrated that AML1
associates with a transcription cofactor p300 in vivo and that
p300 potentiates AML1-dependent transcriptional activation.
On the other hand, AML]1 synergizes with a variety of tran-
scription factors, including CCAAT/enhancer binding pro-
tein-a, AP-1, Ets-1, PU.1, and ¢-Myb, which regulate cellular
proliferation and differentiation (24-30). Conversely, AML1
can repress transcription by associating with corepressors such
as Groucho/transducin-like Enhancer of split and mSin3A (31—
33). Thus, AML1 appears to act as an “organizing” factor of
transcription by interacting with a wide variety of transcrip-
tion regulators. In contrast, regulatory mechanisms for AML1
functien remain elusive thus far. Previously, we reported that
AML1 is phosphorylated through the extracellular signal-reg-
ulated kinase (ERK)! (34). ERK-dependent phosphorylation
potentiates the transactivation ability and the transforming
capacity of AML1 through regulating interaction between
AML1 and mSin3A (35). Thus, the function of AML1 is also
regulated through the signal transduction pathways.

Acetylation has recently emerged as the central mode of
regulation for a significant number of transcription factors (36,
37). p300 and the related protein CBP are highly conserved
proteins that have a pivotal role in transcriptional regulation,
bridging a wide variety of DNA-binding proteins to components
of the general transcriptional machinery (38). In addition, p3060

! The abbreviations used are: ERK, extracellular signal-regulated
kinase; HAT, histone acetyltransferase; GST, glutathione S-transfer-
ase; EMSA, electrophoretic mobility shift assay; CBP, CREB-binding
protein; CREB, cAMP-response element-binding protein; lue, lucifer-
ase; PST region, a proline-, serine-, and threonine-rich region; P/CAF,
p300/CBP-associated factor; M-CSF receptor, macrophage colony-stim-
ulating factor receptor.
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and CBP possess histone acetyltransferase (HAT) activity,
which is able to acetylate histone and non-histone proteins.
Histone acetylation is linked to transcriptional activation and
participates in the nucleosomal remodeling that accompanies
gene activity (39). Recently, HATs have been shown to also
acetylate a significant number of non-histone proteins, which
include transcription factors such as p53, Drosophila T-cell
receptor, erythroid kruppel-like factor, GATA-1, GATA-3, and
the high mobility group protein I'Y (40, 41). Acetylation of
these factors leads to changes in protein-protein and protein-
DNA interaction, which subsequently result in altered gene
expression (42). Here we report that AML1 is acetylated by
p300 at the two lysine residues located in the N terminus
adjacent to the Runt domain. Acetylation of AML1 significantly
increases the amount of AML] bound to DNA and results in
stimulation of AML1-dependent transcription. Substitution of
target residues uncovered a close relationship between the
acetylation and the in vivo function of AML1. Our studies
demonstrate that acetylation is a critical manner of posttrans-
lational modification of AMLI1.

MATERIALS AND METHODS

Cell Cultures—COS7, 293T, HeLa, and NIH3T3 cells were main-
tained in Dulbecco's modified Eagle's medium supplemented with pen-
icillin, streptomycin, and 10% fetal calf serum at 37°C in a 5% CO,
incubator, M1 cells and MOLT-4 cells were cultured in Dulbecco’s
modified Eagle’s medium and a-minimal essential medium by one to
one and RPMI 1640 medium, respectively, which contain penicillin,
streptomycin, and 10% fetal calf serum,

Plasmid Constructions and Recombinant Proteins—pGEX-AML1-(1-
189), pGEX-K24R/K43R-(1-189), and pGEX-K24A/K43A-(1~-189) were
obtained by cloning the PCR fragments corresponding to amino acids
1-189 of AML1, K24R/K43R, and K24A/K43A into the pGEX2T vector,
respectively. For construction of FLAG-tagged P/CAF-HAT/Br and
GCNS5, the DNA fragments corresponding to amino acids 352-832 and
amino acids 1-477, respectively, were amplified by PCR and subcloned
into pFLAG-MAC (Kodak). The expression plasmids for GST-PEBP28
and FLAG-tagged p300-HAT were constructed as described previously
(43, 44). Construction of pME185-AML1 and AML1A-(47-172) was
described elsewhere (19, 45). For construction of A-(23-64), a fragment
for amino acids 1-64 of AML1 was replaced by a fragment for amino
acids 1-22 generated by a PCR method. For construction of A-(173-
188}, the Apal-Sall fragment of AML1 was replaced by the correspond-
ing fragment that lacks the region between amino acids 173 and 188,
which was generated by a PCR method. For tagging AML1 and deletion
mutants at the N terminus, the FLAG octapeptide (DYKDDDDK) was
inserted after the first methionine by PCR as described previously (32).
The AML1 K24R, K43R, K24R/K43R, K24A/K43A, K182R, K188R, and
K182R/K188R were obtained by replacing the lysine residues with
arginines and alanines, respectively, by the site-directed mutagenesis
method (46). For construction of the retroviral vector that harbors
AML1 or K24A/K43A, the 1.8-kb EcoRI fragment encoding AML1 or
K24A/K43A was deprived of the polyadenylation signal by digestion
with BamHI and cloned into the pSRaMSVtkneo vector (19). pM-CSF-
R-lue containing —416 to +71 of the human M-CSF receptor promoter
was described previously (47). pcDEF3-p300 was kindly provided by Dr,
Miyazono and Dr. Kawabata. The glutathione S-transferase (GST) fu-
sion constructs of AML1, FLAG-tagged p300-HAT, P/CAF-HAT/Br, and
GCNS5 were purified as described previously (44, 45).

In Vitro Acetylation Assays—GST fusion proteins or histones (Roche
Applied Science) were collected on glutathione-Sephahrose beads (Am-
ersham Biosciences), incubated at 30 °C for 1 h in the buffer containing
50 mM Tris, pH 8.0, 10% glycerol, 1 mM dithiothreitol, 1 mm phenyl-
methylsulfonyl fluoride, 10 mM sodium butyrate, and 0.05 pCi of
[*Clacetyl-CoA (Amersham Biosciences), and analyzed by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Transfection, Immunaprecipitation, and Immunoblot Analysis—
COS7 cells or 293T cells were transfected with expression plasmids by
the DEAE-dextran method as described previously (48). Polyclonal
antisera to the full-length (anti-AML1), the PST region (anti-PST} of
AML]1, and PEBP28 (anti-PEBP28) were raised in rabbit against bac-
terially produced proteins as described previously (43, 45, 49), For
detection of p300 and AML1 proteins, the indicated cells were lysed in
the buffer containing 350 mM NaCl, 50 mM Tris-HCI (pH 7.5), 0.5%
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Igepal, 1 mM EDTA, 0.5 mM dithiothreitol, 10 mM sodium butyrate, 1 ug
of aprotinin/ml, 1 pg of pepstatin/ml, 1 ug of leupeptin/ml, 0.2 mMm
phenylmethylsulfonyl fluoride followed by incubation for 30 min on ice.
Whole cell lysates containing 100 pg of proteins were subjected to
SDS-PAGE and transferred to polyvinylidene difluoride membranes
(Immobilon, Millipore). The membranes were blocked with 10% skim
milk, treated with anti-p300 (RW128, Upstate Biotechnology), anti-
AMLI1, anti-FLAG (M2; Sigma), or anti-PEBP2p, washed, and reacted
with the mouse or rabbit anti-IgG antibody coupled to horseradish
peroxidase. The blots were visualized using the enhanced chemilumi-
nescence (ECL) system (Amersham Biosciences). For immunoprecipita-
tion, cells were lysed in the above buffer and subjected to immunopre-
cipitation with anti-PST or anti-AML1 (PC284L; Oncogene) followed by
absorption to protein A-Sepharose (Sigma). Inmunoprecipitates were
washed, separated by SDS-PAGE, and analyzed with anti-p300 as
described above.

In Vivo Sodium [PH]Acetate Labeling—MOLT-4 cells were grown to
2 X 107 cells, washed twice with cold phosphate-buffered saline, resus-
pended in RPMI labeling medium (1 mCi of *H-sodium acetate (Amer-
sham Biosciences) per ml and 50 nM trichostatin A {Wako)), and then
incubated at 37 °C for 90 min. pME18S-AML1 and mutants either with
or without FLAG tag were transfected with pcDEF3-p300 as described
above into COS7T cells. After 30 h, cells were exposed to 1 mCi of sodium
[*H}acetate/ml in the presence of 50 nM trichostatin A for 90 min.
Lysates were prepared and processed using either anti-PST or anti-
FLAG as described above and resolved by SDS-PAGE, Proteins were
electrotransferred onto polyvinylidene difluoride membrane (Immo-
bilon, Millipore} and analyzed using BAS2000 Image Analyzer (Fuji
Film).

Electrophoretic Mobility Shift Assay (EMSA)—The M4 probe contain-
ing a partial A core of the polyomavirus enhancer was produced as
described elsewhere {(50). Five micrograms of GST fusion proteins were
collected on glutathione-Sepharose beads, incubated with purified
FLAG-p300-HAT in the presence or absence of 10 nM acetyl-CoA {Am-
ersham Biosciences). Then, reaction mixtures were eluted from the
beads in glutathione elution buffer (10 mM reduced glutathione in 50
mM Tris-HCl (pH 8.0)). GST-PEBP2§ collected on glutathione-Sepha-
rose beads was incubated in the thrombin {Amersham Biosciences)
reaction mixture at room temperature for 16 h, and then centrifuged,
and supernatant containing PEBP2g cleaved off from GST was col-
lected. The recovered proteins were quantified by Coomassie staining,
and 100 ng of these proteins were incubated with 1 ng of M4 probe in
the buffer containing 20 mM Hepes (pH 7.6}, 4% Ficoll (W/V}, 10 mMm
EDTA, 40 mM KCl, 0.5 mu dithiothreitol, 300 ng of poly(dI-dC) for 30
min at room temperature in the presence or absence of PEBP2B. Sev-
enty ng of unlabeled M4 probe were added as a cold competitor. Reac-
tion mixtures were subjected to EMSA as described previously (45).
Nuclear extracts were obtained from COS7 cells transfected with full-
length AML1 or K24R/K43R in pME18S either alone or together with
PEBP28 by the DEAE-dextran method, as described previously (19).
The procedures for EMSA were presented previously (45). For radioi-
sotope labeling, [«-**PIdCTP was incorperated into the M4 probe by
incubating with the Klenow fragment.

Luciferase Assays—HeLa cells were transfected by using SuperFect
(Qiagen) with pM-CSF-R-luc and plasmids expressing wild type AML1,
K24R/K43R, or K24A/K43A in the presence or absence of p300 expres-
sion plasmids. Fifty ng/ml trichostatin A was added 8 h prior to harvest.
Luciferase activity was determined 48 h later, as described previously
(51). A plasmid expressing B8-galactosidase was co-transfected as an
internal control of transfection efficiency, and the data were normalized
to the B-galactosidase activity, as described previously (51).

Soft Agar Assays—Soft agar assays were performed according to
procedures described elsewhere (19, 52). Colonies were counted after 14
days of culture in soft agar if they were larger than 0.25 mm in
diameter.

RESULTS

AML1 Interacts with p300 in Vivo—p300 and CBP are
known to interact with a variety of transeriptional factors as
coactivators. Recently, a physical interaction between AML]
and p300 was demonstrated (23). To confirm the interaction of
endogenous AML1 with p300 in hematopoietic cells, we per-
formed immunoprecipitation experiments using M1 cells, a
murine leukemic cell line. Whole cell lysates were prepared
from M1 cells and subjected to immunoprecipitation with the
anti-AML1 antibody or control preimmune serum. Immunoblot
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Fig. 1. AML1 interacts with p300 in vivo. Co-immunoprecipita-
tion (IP) of endogenous AML1 with p300 in lysates from M1 cells is
shown. Whole cell lysates were precipitated with preimmune serum
lane 2) or anti-PST serum (lane 3), and the precipitate was subjected to
immunoblot (FB) analysis with anti-p300.

analysis with the p300-specific antibody showed that the pre-
cipitate with anti-AML1 contained p300, whereas p300 protein
was never detected in the precipitate obtained with control
preimmune serum (Fig. 1). These results indicate that AML1
forms complexes with p300 in vivo in agreement with previous
findings (23).

p300 Specifically Acetylates AML1 in Vitro—Association of
p300 with AML], together with the recent demonstration of its
acetyltransferase activity on a variety of transcription factors,
prompted us to determine whether AML1 is a substrate for
acetylation by p300. AML1 possesses nine lysine residues,
which become potential targets for acetylation. To examine
whether AML1 could be acetylated by p300 directly, the in vitro
acetylation assays were performed using bacterially expressed
FLAG-tagged HAT domain of p300 (p300-HAT), GST was fused
to a region between amino acids 1 and 189 of AML1 (AML1-
(1-189)), which contains all nine lysine residues, and the GST
fusion protein was expressed in the BL21 bacterial host and
purified (Fig. 24). GST-AML1-(1-189) was incubated with
p300-HAT in the presence of [''Clacetyl-CoA. Use of these
highly purified recombinant proteins eliminates possible con-
tamination by other HATs. As shown in Fig. 2B, GST-AML1-
(1-189) was specifically labeled with ['*Clacetyl-CoA in the
presence of p300-HAT, whereas no signal was detected for GST
alone, The faster migrating bands were considered to represent
degraded products of the acetylated AML1 protein because the
purified GST-AML1-(1-189) that served as a substrate con-
tains identically migrating bands. In contrast, GST-AML1-(1—
189) was never labeled without p300-HAT, We further inves-
tigated whether other HATs can acetylate AML1 using P/CAF
and its close homologue GCN5. The HAT/bromodomain of
P/CAF (P/CAF-HAT/Br) and full-length GCN5 were tagged
with FLAG, expressed bacterially, and subsequently used in
the in vitro acetylation assays. The results in Fig. 2B show that
neither P/CAF-HAT/Br nor GCN5 acetylated GST-AML1-(1-
189) at all. As shown in Fig. 2C, the HAT activities of p300-
HAT, P/CAF-HAT/Br, and GCN5 were confirmed by using hi-
stones as substrates. p300-HAT could acetylate histones H2A,
H2B, H3, and H4, whereas only histones H3 and H4 were
acetylated by P/CAF-HAT/Br and GCN5, which is in agreement
with the previous reports (42). Taken together, these results
unequivocally indicate that AML1 can be a specific substrate
for p300-mediated acetylation in vitro.

In Vivo Acetylation of AMLI—Next, we went on further to
examine whether acetylation of AML1 occurs in vivo to mani-
fest a physiological relevance of in vitro acetylation of AMLI.
First, we wished to determine whether endogenous AMLI in
hematopoietic cells was also acetylated. For these experiments,

AMLI Acetylation by p300

we pulse-labeled MOLT-4 cells, 2 human acute lymphoblastic
leukemia cell line, with [*Hlacetate in the presence of a histone
deacetylase inhibitor (trichostatin A) and then subjected them
to cell lysis and immunoprecipitation with anti-AML1. As
shown in Fig. 34, anti-AML1, but not control preimmune se-
rum, precipitated [*Hlacetate-labeled AML1 (lanes 2 and 3).
Immunoblot analysis with the same antibody revealed migra-
tion of endogenous AMLI (lane 1), These results directly pro-
vide evidence that AML1 is endogenously acetylated in hema-
topoietic cells.

To define the positions within AMLI1 to be acetylated by
p300, we then employed transient transfection into COS7 cells.
First, cells were transfected with FLAG-tagged full-length
AML1 and p300 and labeled with sodium [*H]acetate in the
same manner performed above. Lysates were immunoprecipi-
tated with the anti-FLAG antibody and subjected to immuno-
blot analysis. As shown in Fig. 3B, AML1 was efficiently recov-
ered from AMLI1-transfected cells with anti-FLAG. The
immunoprecipitated AML1 protein was specifically labeled
with [*Hlacetate as in MOLT-4 cells (Fig. 3B, right). Next, we
employed three types of serial deletion mutants to cover all
nine lysines (Fig. 24). These FLAG-tagged mutants were ex-
pressed in COS7 cells together with p300 and subjected to the
in vivo acetylation assays. Fig. 3B shows that these mutants
are expressed in COS7 cells in the anticipated sizes. Acetyla-
tion of AML1 was retained when amino acids 47-172 in the
Runt domain or amino acids 173-188 in C-terminal region
adjacent to the Runt domain are deleted {(lanes 9 and 10). In
contrast, deletion of N-terminal region (amino acids 23—-64)
flanked by the Runt domain completely abolished AML1 acety-
lation by p300 (lare 8). This region contains two lysine resi-
dues, Lys-24 and Lys-43. These two lysines are highly con-
served among the Runt-containing protein family, with Lys-24
being completely conserved from the Zebrafish Runxl to the
human AML1 family members. These results suggest that
either or both of these two N-terminal lysines are potentially
acetylated by p300.

AML1I Is Acetylated by p300 or N-terminal Two Lysine Res-
idues—To precisely determine the target residues of AML1 for
p300-mediated acetylation, Lys-24 and Lys-43 were substi-
tuted with arginines or alanines either individually or in com-
bination. Substitution of either Lys-24 or Lys-43 with arginine
(K24R or K43R) significantly reduced the level of acetylation.
The level of acetylation in K24R was significantly lower than
that in K43R. Furthermore, substitution of both Lys-24 and
Lys-43 by arginines or alanines almost completely abolished
acetylation of AML1 (Fig. 4B). In contrast, substitution of C-
terminal lysines (Lys-182 and Lys-188) did not alter in vivo
acetylation of AMLI, indicating that these residues are not
involved in acetylation. These findings suggest that Lys-24 and
Lys-43 are preferentially acetylated in vivo in agreement with
the results obtained from the deletion mutants. We also per-
formed an in vitro acetylation assay using purified forms of
GST-K24R/K43R-(1-189) and GST-K24A/K43A-(1-189) in
which Lys-24 and Lys-43 of AML1-(1-189) were substituted by
arginines and alanines, respectively. Although GST-AML1-(1-
189) was efficiently acetylated by p300, no acetylation was
detected for GST-K24R/K43R-(1-189) and GST-K24A/K43A-
(1-189) (Fig. 40), which is consistent with the results of the in
vivo acetylation assays. Autoacetylated p300-HAT was ob-
served in the very top in all lanes except the one without
p300-HAT. To preclude the possibility that substitution of
Lys-24 and Lys-43 can disrupt the interaction between AML1
and p300, we performed immunoprecipitation experiments by
transiently expressing p300 with AML1 and K24A/K43A in
293T cells. The mutant formed a complex with p300 as effi-
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in vitro acetylation assay of AML1 with
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cubated either with or without each re-
combinant HAT in the presence of
[**Clacetyl-CoA for 1 h at 30 °C followed
SDS-PAGE as described above.
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27.8 —

- GST-AML1(1-189)
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ciently as wild type AML1 in 293T cells (data not shown). These
results imply that loss of acetylation in the Lys-24/Lys-43 mu-
tant does not result from their inability to associate with p300
but suggest that these two lysines are authentic targets for
acetylation by p300.

6 7

Coomassie

p300-HAT
P/CAF-HAT/Br

)

Acetylation Augments Site-specific DNA Binding of AMLI—
Having identified an AML1 mutant that cannot be acetylated
by p300, we set out to use this mutant to dissect the functional
consequence of AMLL acetylation. For a growing number of
transeription factors, it has been suggested that acetylation
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FiG. 3. Acetylation of AML1 in vivo. A, lysates from MOLT4 cells
pulse-labeled with 1 mCi of sodium *H/ml in the presence of 50 nM
trichostatin A were immunoprecipitated with anti-AML1 or preimmune
serum as a control. Immuncprecipitated samples were resolved by
SDS-PAGE. Proteins were electrotransferred onto polyvinylidene diflu-
oride membrane and immunoblotted (IB) with anti-AML1 (lane I} or
analyzed using BAS2000 image analyzer (lares 2 and 3). Input repre-
sents 5% of the radiolabeled protein used in the assay. Locations of
molecular mass markers and AML1 are shown. B, COS7 cells were
transfected with 10 pg of pME18S, FLAG-tagged wild type AMLI1, or
the FLAG-tagged deletion mutants of AML1, together with pcDEF3-
p300 as indicated, and were labeled with sodium ["Hlacetate in the
presence of trichostatin A, Whole cell lysates were immunoprecipitated
with anti-PST and subsequently resolved on SDS-PAGE (right). Ex-
pression of each protein is monitored by immunoblotting of whole cell
lysates with anti-FLAG (left). mock, mock-infected.

plays a key role in the regulation of sequence-specific DNA
binding (40, 42). Since acetylation can lead to a change in the
charge and the size of the lysine residues (53), it is likely that
acetylation impinges on the affinity of AML1 for DNA. To test
this possibility, electrophoretic mobility shift assays were per-
formed with purified proteins for GST-AML1-(1-189) or its
lysine mutant, both of which possess the Runt domain that is
responsible for binding to the PEBP2 site (11, 12}. Each protein
was incubated with bacterially produced p300-HAT and radio-
labeled M4 probe, double-stranded oligonucleotide bearing the
PEBF?2 site, and DNA binding abilities were evaluated. When
M4 probe was incubated with GST-AML1-(1-189) and p300-
HAT in the absence of acetyl-CoA, we observed a shifted band
that was not seen for GST (Fig. 54, left). The shifted band was
significantly reduced when an excess of the cold probe was
added, indicating that the AML1.DNA complex was formed
through specific binding of AML1 to the PEBP2 sequence. We
then determined the effect of p300-mediated acetylation on
DNA binding of AML1, The addition of acetyl-CoA greatly
augmented the shifted band (Fig. 5A, left, lane 4), indicating
DNA binding of AML1 specifically enhanced by acetylation. In
contrast, K24R/K43R substitution in GST-AML1-(1-189) sig-
nificantly abolished the DNA binding ability of AML1, and no
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Fic. 4. Determination of lysine residues acetylated by p300. A,
positions of lysine residues outside the Runt domain. B, the lysine
mutants of AML1 were transfected into COS7 cells together with pe-
DEF3-p300. Transfected cells were pulse-labeled with sodium [*Hlac-
etate for 90 min. Whole cell lysates were immunoprecipitated with
anti-PST and resolved by SDS-PAGE (top). The expression levels of
each construct were monitored by immunoblotting (/B) of whole cell
lysates with anti-AML1 (bottom). mock, mock-infected. C, GST fusion
proteins were incubated with or without purified FLAG-tagged p300-
HAT in the presence of ["*Clacetyl-CoA, as indicated. Reaction mixtures
were separated by SDS-PAGE, fixed, and stained with Coomassie Blue
{lanes 6-9). The stained gel was dried, and *C incorporation was
visualized by BAS2000 image analyzer {{anes I-5).

increase in DNA binding was found even upon the treatment of
acetyl-CoA (Fig. 5A, left, lanes 5 and 6). Coomassie staining of
each recombinant protein indicated the presence of equal
amounts of the GST-AMI.1 proteins (Fig. bA, right).

Because PEBP28 is a key regulator for DNA binding of
AML1, we next tested the effect of AML1 acetylation on DNA
binding in the presence of PEBP28. As shown in Fig. 58 (left),
GST-AML1-(1-189) in the presence of bacterially produced
PEBP28 showed a sequence-specific DNA-binding complex
that was markedly diminished by the addition of the cold
probe. K24A/K43A mutation abolished the DNA binding ability
of AMLI1 even in the presence of PEBP28 (Fig. 5B, left). The
K24R/K43R mutant, which maintains the positive charge also
exhibited severely impaired DNA binding, indicating that al-
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FiG. 5. The DNA binding activity of AML1 is augmented by
acetylation. A, EMSAs demonstrating DNA binding of acetylated and
unmodified AML1. Purified GST, GST-AML1-(1-189), or its lysine mu-
tant (GST-K24R/K43R-(1-189)) was incubated with p300-HAT and the
32P-labeled M4 probe either in the presence or in the absence of acetyl-
CoA, as indicated (left). Excess of the unlabeled M4 probe was used as
a competitor, Amounts of purified GST fusion proteins used in EMSA
were monitored by Coomassie staining {right). B, DNA binding of un-
modified (lanes 2-5) and in vitro acetylated GST, GST-AML1-(1-189),
or its lysine mutant {GST-K24R/K43R or A-(1-189)) (/anes 6-8) was
tested by EMSA as indicated above in the presence of bacterially ex-
pressed and purified PEBP2S (left). Coomassie staining exhibits the
equal amounts of GST fusion proteins used in EMSA (right). C, the
%2p.labeled M4 probe was co-incubated with nuclear extracts (contain-
ing 18 ug of proteins) from COS7 cells co-transfected with the contrel
vector, the wild type of full-length AML, or K24R/K43R together with
PEBP28 (left). Expression of each protein was monitored (right).
IB, immunoblot.

tered DNA binding results from a block of acetylation of Lys-
24/Lys-43 rather than a fundamental change in the conforma-
tion of the mutants. Impaired DNA binding in these mutants
was not restored by the addition of acetyl-CoA, which signifi-
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cantly enhanced DNA binding of the AML1-PEBP28 complex,
Coomassie staining of each recombinant protein indicated the
presence of equal amounts of the GST-AMLI1 proteins {Fig. 5B,
right). These results indicate that PEBP28 cannot fully over-
come a decrease in DNA binding of the AML1 mutants defec-
tive for acetylation,

To obtain further evidence that acetylation of target lysines
alters DNA binding of AML1, we examined the effect of acety-
lation on sequence-specific DNA binding using full-length
AML1 and its arginine mutant (K24R/K43R) in the presence of
PEBP28. We performed EMSA with nuclear extracts of COS7
cells transfected with mock, full-length AML1, and K24R/K43R
together with PEBP28. When the M4 probe was incubated and
electrophoresed with nuclear extracts containing wild type
AML1 in the presence of PEBP2, a distinct band was chserved
that was not recognized in the lane loaded with the mock
transfectant (Fig. 5C, lef}, lanes 1 and 2). This band became
undetectable when a cold probe was coincubated with a labeled
probe (lane 3), indicating that it represents a specific AML2-
DNA complex. We again found that DNA binding of K24R/
K43R was significantly reduced, although it still remained at a
detectable level. Inmunoblot analysis of nuclear extracts con-
firmed the presence of equal amounts of the AML1 proteins in
all samples (Fig. 5C, right). Taken as a whole, these results
demonstrated that DNA binding of AML1 could be regulated by
acetylation of Lys-24 and Lys-43.

Heterodimerization with PEBP28 I's Not Modulated by Acety-
lation of AMLI—The affinity of AML1 for DNA is markedly
increased by heterodimerization through the Runt domain with
PEBP28, which could not interact with DNA by itself (10-13).
It is possible that the altered interaction with PEBP28 could
determine the DNA binding property of acetylated AML1. We
asked, therefore, whether mutation of Lys-24 and Lys-43 in
AML]1 affects the interaction with PEBP28, COS7 cells were
transfected with wild type AML1, K24R/K43R, or K24A/K43A
together with PEBP28. The cells were lysed and immunopre-
cipitated with anti-PST and then subjected to immunoblet
analysis using anti-PEBP28. As shown in Fig. 64, K24R/K43R
and K24A/K43A associated with PEBP28 as effectively as wild
type AMLI1. The expression level of each construet was con-
firmed by immunoblotting of whole cell lysates. These data
indicate that Lys-24 and Lys-43, the target residues for acety-
lation, are dispensable for heterodimerization between AML1
and PEBFP28, suggesting that acetylation of AML1 does not
affect the affinity for PEBP28.

Acetylation by p300 Stirmulates Transcriptional Activation of
AMLI—Because DNA binding of AMLI is stimulated in an
acetylation-dependent manner, it is tempting to speculate that
the transcriptional activity of AML1 can potentially be regu-
lated by acetylation. To determine this, we examined whether
substitution of Lys-24 and Lys-43 could modify transcriptional
responses induced by AMLI. For these experiments, we em-
ployed a reporter plasmid pM-CSF-R-luc in which the M-CSF
receptor promoter is linked to the luciferase gene because it is
efficiently activated by exogenous expression of AML1 (29).
Wild type AML1, K24R/K43R, or K24A/K43A was introduced
into HeLa cells, which lack endogenous AMLI1 activity, to-
gether with the reporter plasmid, and then luciferase activities
were evaluated, As shown in Fig. 6B, we observed a 7-fold
activation of pM-CSF-R-lue when wild type AML1 was ex-
pressed. In contrast, both K24R/K43R and K24 A/K43A showed
a significantly reduced transcriptional activation. Although
p300 expression further enhanced the transeriptional activity
of wild type AML1, impaired transcription by K24R/K43R and
K24A/K43A was not restored even in the presence of p300. We
confirmed that both K24R/K43R and K24A/K43A were ex-
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Fig. 6. 4, interactions of wild type and the lysine mutant of AML1 with PEBP28. COST cells were transfected with pME18S, wild type AML1,
K24R/K43R, or K24A/K43A, together with PEBP2B as indicated. Cells were lysed, immunoprecipitated (/P} with anti-PST, and subjected to
immunoblotting (IB} with anti-PEBP2B (top). Expression of each protein is monitored by immunoblotting of whole cell lysates with either
anti-PEBP2B or anti-AML1 {(middle and bottem). B, acetylation of AML1 stimulates its transcriptional activity. pM-CSF-R-luc was co-transfected
inte HeLa cells with each set of expression plasmids either with or without co-expression of p300, and the cells were analyzed for luciferase activity.
Trichostatin A was added where indicated to a final concentration of 50 ng/ml at 8 h prior to harvest. Values of the relative luciferase activity and
error bars represent the means and the standard deviations, respectively, for three independent experiments. C, soft agar assays with NIH3T3 cells
expressing AML1 and the K24A/K43A mutant. NIH3T3 cells infected with retroviruses for AML1 or K24A/K43A of a comparable titer were seeded
in soft agar after G418 selection and cultured for 14 days. Cells infected with AML1 gave larger average colony sizes and increased colony numbers,
whercas cells infected with K24A/K43A created barely macroscopic colonies in agar as well as mock-infected (mock) cells. D, comparison of
transforming activities of AML1 and K24A/K43A. Colonies greater than 0.25 mm in diameter were counted as positive. Numbers and error bars
show the means and standard deviations of colony counts, respectively, for three independent experiments.

pressed as efficiently as wild type AML1 in HeLa cells (data not Disruption of the Target Lysines Impairs Fibroblast-trans-
shown). These data strongly suggest that p300-mediated acety- forming Activity of AML1--Previously, we reported that over-
lation of AML1 on Lys-24 and Lys-43 is required for the optimal  expression of AML1 induces neoplastic transformation of
transcriptional activation of AMLI. NIH3T3 cells depending on the DNA binding ability and the
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transcriptional activity (19). Furthermore, functional modula-
tion of AML1 such as ERK-dependent phosphorylation signif-
icantly alters the transforming activity of AML1 (34). To study
a role of acetylation in the in vivo function of AML1, we com-
pared transforming activities of the wild type and the lysine
mutant of AML]1. Replication-deficient retroviruses for AML1
and K24A/K43A were generated by hyperexpression of the
corresponding plasmid in COS7 cells. NIH3T3 cells were in-
fected with these retroviruses, and soft agar assays were per-
formed on G418-resistant populations. As shown in Fig. 6, C
and D, wild type AML1 rapidly preduced a number of macro-
scopic colonies in soft agar. In contrast, replacement of Lys-24
and Lys-43 to alanines remarkably impaired the transforming
activity of AML1, presumably because of the inability to bind to
DNA efficiently. AML1 and K24A/K43A showed equivalent
expression levels in NIH3T3 cells (data not shown). These
results suggest that p300-mediated acetylation on Lys-24 and
Lys-43 is also important for the biological activity of AML1
in vivo.

DISCUSSION

In this study, we showed that AML1 interacts with p300 and
is acetylated on the two conserved lysines in the N terminus
adjacent to the Runt domain. Acetylation increases sequence-
specific DNA binding of AML1 and is needed for efficient tran-
seriptional activation by AMLI1. Furthermore, acetylation
plays a key role for the transforming activity of AMLI1 in
fibroblasts.

Acetylation of proteins is shown to have both stimulatory
and inhibitory effects on transcription (54, 55). As for histones,
acetylation is reversible and affeets the strength of protein-
DNA or protein-protein interactions. In addition, acetylation of
several transcription factors, such as p53 and MyoD, enhances
transeription of their target genes (56, 57). In contrast, acety-
lation of Drosophila T-cell receptor, high mobility group protein
I/Y, and activator of thyroid and retinoic acid receptor results
in decreased transcription (58—60). Thus, acetylation plays
bipartite roles in the regulation of gene expression. Recently, it
was reported that acetylation of E2F enhances its function via
multiple mechanisms including protein half-life other than the
increased DNA binding activity and transeriptional activation,
These findings suggest that acetylation may affect transcrip-
tion factors at multiple steps (61). In the present case, one can
envision several models for the regulatory mechanisms of
AML? by acetylation. First, p300-mediated acetylation may
stabilize AML1 through a prolonged protein half-life. However,
we could not observe that mutation of Lys-24 and Lys-43
causes a significant difference in protein stabilization when
compared with wild type (Fig. 4). Secondly, acetylation may
directly increase the affinity of AML1 for DNA. Significant in
this regard is our demonstration that the residues of AML1
acetylated by p300 are located in the negative regulatory re-
gion for DNA binding N-terminal to the Runt domain (NRDBn)
(25, 62). It might be expected that acetylation could induce a
conformational change in NRDBn that unmasks the DNA-
binding interface of the Runt domain, resulting in potentiation
of sequence-specific DNA binding. Schematic model for this
hypothesis is shown in Fig. 7. However, Gu et al. {63) reported
the controversial results that sequences N-terminal to the Runt
domain do not affect DNA binding, which does not support this
hypothesis. Another possibility is that acetylation may cause
an increase in heterodimerization of AML1 with PEBP28 (25,
62). However, substitution of Liys-24 and Lys43 does not affect
the affinity of AML1 to PEBP2B, indicating that acetylation of
AML]1 does not contribute te heterodimerization with PEBP2g8
(Fig. 64). Therefore, the increase in DNA binding by p300-
mediated acetylation would reflect the altered interaction of
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| { Target gene |

Fic. 7. Schematic model for a regulatory mechanism of AML1
acetylation. Physical interaction with p300 induces acetylation of
AML1 at the two lysine residues in NRDBn, leading to the increase in
DNA binding and transcriptional activation. NRDBn is a negative
regulatory region for DNA binding N-terminal to the Runt domain.

PEBP 2 site

AML] itself with DNA rather than the lack of enhancing effect
of the B protein. Finally, acetylation could affect protein-pro-
tein interactions, as described for binding of histone tails to the
yeast transcriptional repressor Tupl (64). Along these lines,
further studies are in progress to elucidate the effect of AML1
acetylation on binding to other transcription factors such as
Ets-1, CCAAT/enhancer binding protein-a, and PU.1.

In contrast to the remarkable effect of p300 acetylation on
DNA binding of AML1, an impact on the transcriptional acti-
vation is relatively small. This discrepancy could be explained
in several ways. First, AML1 manifests its transeriptional ac-
tivation by participating in the assembly of a high erder en-
hancer complex including other transcription factors as de-
scribed above. These proteins in the complex may partially
compensate for the decrease in DNA binding of AML1, which
prevents a total loss of transcriptional activation. In this re-
gard, it should be noticed that DNA binding of AML1 K24R/
K43R can be detected to some extent in EMSA using nuclear
extracts of COS7 cells, whereas it is much less detectable in
EMBSA using recombinant proteins (Fig. 5), Since many coop-
erating factors that associate with AMLI are supposed to exist
in the nuclear extracts in contrast to highly purified recombi-
nant proteins, it is reasonable to speculate that the formation
of such a complex can partially compensate for decrease in
DNA binding of AML1, which may blunt the effect of AML1
acetylation in transeriptional responses. Further investigation
is needed to determine the existence of other possible intermo-
lecular interactions. Another possibility is that other functional
moedifications of AML1, such as phosphorylation and methyla-
tion, may dampen the consequence of acetylation in transcrip-
tional responses. In particular, phosphorylation is a critical
modification that regulates the DNA binding activity, nuclear
localization, protein interaction, and transactivation of various
transeription factors, For example, p53 is phosphorylated in
response to DNA damage, leading to stabilization and stimu-
lated DNA binding in vitro (65, 66). Acetylation of C terminus
of p53 is also observed in response to DNA damage. Further-
more, C-terminal acetylation of p53 has been shown to be
regulated through its N-terminal phosphorylation induced by
DNA damage, indicating an intimate cascade between phos-
phorylation and acetylation (56, 67, 68). Previously, we dem-
onstrated that transcriptional activation of AML1 is regulated
through phosphorylation by ERK at the specific serine residues
(Ser-246 and Ser-266). Phosphorylation of AML1 is induced by
cytokine stimulation in hematopoietic cells. Taken together
with our present studies, it is now clear that AML1 undergoes
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two types of posttranslational modifications (Fig. 7). A poten-
tial association between phosphorylation and acetylation of
AML] remains to be further investigated.
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Increased incidence of acute graft-versus-host disease with the continuous
infusion of cyclosporine A compared to twice-daily infusion

N Ogawa, Y Kanda, M Matsubara, Y Asano, M Nakagawa, M Sakata-Yanagimoto, K Kandabashi,
K Izutsu, Y Imai, A Hangaishi, M Kurokawa, S Tsujino, S Ogawa, K Aoki, S Chiba, T Motokura

and H Hirai

Department of Cell Therapy and Transplantation Medicine, University of Tokyo, Bunkyo-ku, Tokyo, Japan

Summary:

We retrospectively compared the incidence of acute graft-
versus-host disease (GVIID) before and after September
1999, when we changed the mode of cyclosporine A (CsA)
administration from twice-daily infusions (TD} (r = 58) to
continuous infusjon (CIF) (# = 71). The incidence of grade
II-1V acute GVHD in the CIF group (56%) was
significantly higher than that in the TD group (27%,
P =0.00022). Multivariate analysis identified only two
independent significant risk factors for the development of
grade II-1V acute GVIID; CIF of CsA (relative risk 2.59,
95% CI 1.46-4.60, P = 0.0011) and the presence of HLA
mismatch (2.01, 95% CI 1.15-3.53, P=0.014). The
incidence of relapse was significantly lower in the CIF
group when adjusted for disease status before transplanta-
tion (0.41, 95% CI 0.18-0.95, P =0.038), which resulted
in better disease-free survival in high-risk patients (43 vy
16% at 2 years, P=10.039), but not in standard-risk
patients (72 vs 80%, P=0.45). CIF of CsA with a target
level of 250400 ng/ml may not be appropriate for GVHD
prophylaxis in standard-risk patients.
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Keywords: hematopoietic stem cell transplantation; cy-
closporine A; graft-versus-host disease; continuous infusion

Cyclosporine A (CsA) is a mainstay of treatment in the
pharmacologic prevention of graft-versus-host disease
{(GVHD), and is usually combined with methotrexate
(MTX). However, the dose, target blood level, and schedule
of administration vary among protocols.! In particular, it has
not been assessed whether CsA should be administered as a
continuous infusion (CIF) or as twice-daily infusions (TD) in
the early period after transplantation when patients cannot
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tolerate an oral intake. In September 1999, we changed the
mode of CsA administration from TD to CIF, without major
changes to other transplantation procedures. The aim of this
study was to evaluate the impact of these two different
modes of administration on the incidence of acute GVHD.

Patients and methods

Patients

We retrospectively analyzed the records of adult patients
who underwent allogeneic hematopoietic stem cell trans-
plantation for the first time between June 1995 and May
2000 using a GVHD prophylaxis regimen consisting of CsA
and MTX. -During that time, this combination was the
standard regimen for GVHD prophylaxis in our center, but
CsA alone was used for patients who were at a very high risk
for relapse, and a combination of tacrolimus and MTX was
used for patients who had received a graft from an unrelated
donor with at least one allele or antigen mismatch, Those
who received a T-cell-depleted graft and those who received
a reduced-intensity conditioning regimen or a conditioning
regimen that included ATG or CAMPATHI-H were
excluded. Otherwise, consecutive patients were included in
the study. The data for 129 patients were analyzed. There
were 95 males and 34 females with a median age of 38 years
(range 18-60). Bone marrow (BM) was exclusively used in
unrelated transplants, whereas 13 related donors chose a
collection of G-CSF-mobilized peripheral blood stem cells
(PBSC) rather than a BM harvest. BM was additionally
harvested from poor mobilizers.

Transplantation procedure

Conditioning was mainly a combination of cyclopho-
sphamide (60mg/kg for 2 days) with either busulfan
(4mg/kg/day for 4 days) or total bedy irradiation (TBL
2 Gy twice daily for 3 days). GVHD prophylaxis was with
CsA and short-term MTX (10-15mg/m® on day 1 and 7-
10mg/m* on days 3 and 6, and optionally on day 11), witha
starting dose of CsA of 3mg/kg/day. Before September
1999, CsA was administered as a 4 h infusion twice daily in
equally divided doses. The dose of CsA was adjusted to
maintain the trough blood CsA concentration between 150
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and 300ng/ml. After September 1999, CsA was adminis-
tered as a CIF. The dose of CsA was adjusted to maintain
the blood CsA concentration between 250 and 400 ng ml.
CsA concentration was measured at least once a week by
fluorescence polarization immunocassay with a specific
monoclonal antibody, using whole blood samples.? Meta-
bolites of CsA were not measured by this method. The route
of CsA administration was converted to oral at a ratio of
1:2 or 1:3 when patients were able to tolerate oral intake at
least 3 weeks after transplantation. Acute GVHD was
graded as previously described.? Prophylaxis against bacter-
ial, fungal, and pneumocystis carinii infection consisted of
fluconazole, tosufloxacin, and sulfamethoxazole/trimetho-
prim. As prophylaxis against herpes simplex virus infection,
acyclovir was given from day —7 to 35. Pre-emptive therapy
for cytomegalovirus infection was with ganciclovir, while
monitoring cytomegalovirus antigenemia,*

Statistical considerations

Standard-risk disease was defined as acute leukemia in
complete remission, chronic myelocytic leukemia in the first
chronic phase, chemosensitive lymphoma, and myelodysplas-
tic syndrome comprising refractory anemia or refractory
anemia with ringed sideroblasts, while others were considered
high-risk diseases. Renal dysfunction was defined as an
elevation in serum creatinine level to above x 1.5 or x 2.0
the baseline value, except for that clearly caused by the
administration of amphotericin B. Patients who received both
BM and PBSC grafts were included in the PBSC group.

Probabilities and continuous variables in the two groups
were compared using Fisher’s exact test and the Mann-
Whitney U-test, respectively. Cumulative incidences of
acute GVHD and relapse were calculated using Gray's
method, considering death without acute GVHD or relapse,
as a competing risk.’ Disease-free survival was estimated
using the Kaplan-Meier method. Potential confounding
factors considered in the analysis were age, sex, donor type
(related or unrelated), stem cell source (BM or PBSC},
disease risk, conditioning regimen, HLA mismatch, total
dose of MTX, and mode of CsA administration.

Results

Patient characteristics

Of the 129 patients analyzed, 58 and 71 patients were in the
TD and CIF groups, respectively. The CIF group included
a significantly higher proportion of patients with high-risk
disease (P =0.021), those transplanted from an unrelated
donor (P =10.004), those who received an HLA-mismatched
graft (P=0.023), and those who received a PBSC graft
(P=0.0061) (Table 1). The total dose of MTX was
significantly lower in the CIF group {(median dose 35 mg/m® vs
33mg/m?3, P=0.0002). Other characteristics were equiva-
lent between the two groups.

Risk factors for grade II-IV acute GVHD

First, we performed a univariate analysis to evaluate the
impact of potential confounding factors on the incidence of
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Table 1 Characteristics of the patients
TD group (n=58) CIF group (n=7]} P-value

Sex
Male 42 53 0.84
Female 16 18

Age
<40 years 36 36 0.22
=40 years ] 35

Risk
Standard 39 33 0.021
High 19 38

Donor
Related 42 33 0.004
Unrelated 16 38

HLA
Maitch 50 9 0.023
Mismatch 8 22

Stem-cell BM 57 59 0.0061
PBSC 1 12

Regimen non-TBI 19 17 0.33
TBI 19 54 0.33

“BM = bone marrow, PBSC = peripheral blood stem cell, TBI =total body
irradiation,

grade II-1V acute GVHD. As shown in Table 2, transplant
from an unrelated donor, the presence of HLA mismatch,
the use of a TBI-containing regimen, a lower total dose of
MTX, and CIF of CsA were identified as significant risk
factors for the development of grade II-1V acute GVHD.
The incidence of grade II-IV acute GVHD in the CIF
group (56%) was significantly higher than that in the TD
group (27%, P =10.00022, Figure 1). Next, we performed a
multivariate analysis using the backward stepwise selection
method to identify independent risk factors for the
development of grade II-IV acute GVHD. Only two
factors, CIF of CsA (relative risk 2.5%; 95% CI 1.46-4.60,
P=0.0011) and the presence of HLA mismatch (2.01; 95%
CT 1.15-3.53, P=0.014), were identified as independent
significant risk factors (Table 3A). The impact of these two
factors was significant even when adjusted for the total dose
of MTX and donor type (Table 3B).

Renal toxicity

Renal dysfunction was significantly less frequent in the CIF
group than the TD group: 27% vs 66% (P<0.0001) and
13% vs 41% (P =0.0002), when we defined renal dysfunc-
tion as an elevation of the serum creatinine level to above
x 1.5 and x 2.0 the baseline value, respectively {Table 4).

Actual daily dose of CsA

We adjusted the dose of CsA to maintain the target blood
level as described above, We compared the actual daily
dose of CsA, excluding patients who were converted to oral
administration. The actual daily dose of CsA in the CIF



Table 2 Impact of pretransplant factors on the incidence of acute
GVHD by univariate analyses
Incidence of acute GVHD P-vaiue
Sex
Male 45% 0.55
Female 38%
Age
<40 years 44% 0.82
240 years 42%
Risk
Standard 37% 0.15
High 51%
Donor
Related 36% 0.014
Unrelated 54%
HLA
Match 371% 0.0026
Mismatch 63%
Stem cell
BM 42% 033
PBSC 55%
Regimen
Non-TBI 30% 0.041
TBI 48%
MTX
<35mg/m? 60% 0.0025
=35mg/m? 6%
Csd
TD 27% 0.00022
CIF 56%

BM =bone marrow, PBSC = peripheral blood stem cell, TBI =total body
irradiation, MTX = methotrexate, CsA = cyclosporine A, TD = twice~daily
infusion, CIF = continugus infusion,
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Figure 1 Cumulative incidence of grade II-1V acute GVHD grouped by
the mode of CsA administration (TD = twice-daily infusion, CIF = contin-
continuous infusion).

group was consistently significantly lower than that in the
TD group during the first 4 weeks after transplantation
(Figure 2).
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Table 3 Impact of pretransplant factors on the incidence of acute
GVHD by multivariate analysis: (a} independent significant risk
factors identified by multivariate analysis using backward stepwise
selection; (b) impact of HLA mismatch and the mode of cyclosporine
A administration adjusted for the total methotrexate dose and the
donor type (CsA =cyclosporine A, MTX = methotrexate, TD = twice-
daily infusion, CIF = continuous infusion}

Relative risk (95% CI) P-value

{4}

HLA  Mismatch vs match 2.01 (1.15-3.53) 0.014
CsA CIF vs TD 2.59 (1.46-4.60) 0.0011
{B)

HLA  Mismatch vs match (1.04-3.45) 0.038
CsA CIF vs TD 0.056

1.89
1.98 (0.98-4.00)
1.51
1.36

MTX  235mg/m® vs <35mg/m? (0.80-2.87) 0.20
Donor Unrelated vs related (0.78-2.38) 0.28
Table 4 Difference in the incidence of renal dysfunction by the

mode of cyclosporine A administration (TD =twice-daily infusion,
CIF = continuous infusion)

{-) (+) P-value
Incidence of serum creatinine > 1.5 x baseline valve
CsA D 20 38 (66%) <0.001
CIF 52 19 (27%)
Incidence of serum creatinine > 2.0 x baseline value
CsA D 34 24 (40%) 0.0002
CIF 62 9 (13%)
8 P<0.0001 P<0 0001 P<D 0001 P<0.0001
2 :
€ ) .
L4
g4 < . :
£ .
& ! 1
L 3| ———
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w L ]
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© . *
a 1 [ ] - * L]
- - -
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Figure 2 Actual daily dose of CsA grouped by the mode of administra-
tion. The box-and-whisker plot shows 10, 25, 50, 75, and 90 percentile
values. Qutliers are indicated by dots.

Transplant outconte

The CIF of CsA was shown to significantly decrease the
incidence of relapse, after adjusting for disease status before
transplantation (relative risk 041, 95% Cl 0.18-0.95,
P =10.038). This resulted in significantly better disease-free
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TD group, standard risk

0.81

CIF group, standard risk
0.61
CIF group, high risk
0.4

0.2 TD group, high risk

Probability surviving without disease

0 200 400 600 800 1000 1200 1400

Days
Figure 3 Discase-free survival grouped according to the mode of CsA

administration, stratified by the disease status {TD = twice-daily infusion,
CIF = continucus infusion).

survival in the CIF group than in the TD group among
high-risk patients (43 vs 16% at 2 years, P=0.039,
Figure 3), whereas there was no significant difference in
disease-free survival between the two groups among
standard-risk patients (72 vs 80% at 2 years, P=10.45).

Discussion

To summarize the findings of this study, the CIF of CsA
with a target level of 250-400 ng/ml significantly increased
the incidence of grade -1V acute GVHD, but significantly
decreased the incidences of renal dysfunction and relapse,
which resulted in better disease-free survival in high-risk
patients. However, disease-free survival was not improved
in standard-risk patients, probably because the incidence of
relapse was originally low in these patients. Therefore, this
mode of CsA administration may not be appropriate for
standard-risk patients.

There are at least two possible explanations for why the
incidence of acute GVHD was higher in the CIF group.
First, the total dose {or the area under the curve) of CsA
may be important. Second, it may be important to achieve
a peak CsA concentration. It was impossible to draw a
definite conclusion from this study. However, considering
that the actual daily dose of CsA was gradually decreased
in the CIF group after transplantation, a target level of
250-400ng/ml might be too low to prevent GVHD
adequately, although this target level has been used in
recent large randomized controlled trials.5” Miller et af
adjusted the dose of CsA as a CIF to maintain the blood
CsA level between 450 and 520ng/ml. In this setting, the
mean actual dose of CsA was maintained between 2.87 and
3.15mg/kg during the first 4 weeks after transplantation.
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Therefore, this higher target level may be more appropriate
when comparing the mode of CsA administration,
although it needs to be confirmed by measuring the area
under the curve.

The major shortcoming of this study was that this was
not a randomized controlled trial and there were some
uncontrolled variables that might have caused bias.
However, the impact of the mode of CsA administration
remained significant after adjusting for these uncontrolled
variables, as shown in Table 3B. We are planning a
randomized controlled trial to confirm these results.
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AML-1 is required for megakaryocytic maturation and
lymphocytic differentiation, but not for maintenance of
hematopoietic stem cells in adult hematopoiesis

Motoshi Ichikawa!”?, Takashi Asail*7, Toshiki Saito!, Go Yamamoto!, Sachiko Seo!, Ieharu Yamazaki?,
Tetsuya Yamagatal’5, Kinuko Mitani?, Shigeru Chibal, Seishi Ogawam, Mineo Kurokawa! & Hisamaru Hirail’$

Embryonic development of multilineage hematopoiesis
requires the precisely regulated expression of lineage-specific
transcription factors, including AML-1 (encoded by RunxlI;
also known as CBFA-2 or PEBP-2uB)1-5, I vitro studies

and findings in human diseases, including leukemias®:?,
myelodysplastic syndremes® and familial platelet disorder with
predisposition to acute myeloid leukemia (AML)?, suggest that
AML-1 has a pivotal role in adult hematopoiesis. However,

this role has not been fully uncovered jn vivo because of the
embryonic lethality of Runx1 knockout in mice. Here we assess
the requirement of AML-1/RunxI in adult hematopoiesis
using an inducible gene-targeting method1C, In the absence of
AML-1, hematopoietic progenitors were fully maintained with
normal myeloid cell development. However, AML-1-deficient
bone marrow showed inhibition of megakaryocytic maturation,
increased hematopoietic progenitor cells and defective T-

and B-lymphocyte development. AML-1 is thus required for
maturation of megakaryocytes and differentiation of Tand B*
cells, but not for maintenance of hematopoietic stem cells
(HSCs) in adult hematopoiesis,

Using the Cre-loxP sequence-specific recombination system, we
generated mutant mice in which exon 5 of the Runx? gene could be
selectively deleted by the expression of Cre recombinase (Fig. 1a).
We mated mutant animals carrying deleted (Runx1-) or loxP-flanked
{RunxIM) alleles, and observed lethal bleeding of Runx1—"- embryos as
anticipated!2. In contrast, Runx1% and Runx1®- mice were normal
{data not shown). We then bred the mutant mice with Mx-cre-trans-
genic mice to generate Runxl¥*Mx-cre or Runx1V-Mx-cre mice. In
these mice, the Runx1! allele could be effectively deleted in hemato-
poietic progenitors by using injected polyinosinic-polycytidylic acid
(pIpC) to induce expression of Cre recombinase'?. Two months after
pIpC injection, genomic Southern blot analysis of RunxI-Mx-cre
mice revealed that 290% of the bone marrow or peritoneal exuda-

tive cells, ~80% of which were morphologically normal neutrophils,
had biallelic Runx! deletion. This indicates that RunxI deletion was
induced in most bone marrow cells, and that most myeloid progeni-
tors lacking AML-1 could still differentiate into mature neutrophils
(Fig. 1b,c). Efficient excision of one Runxl allele was observed in
the hematopoietic cells, including lymphocytes, of RunxIf+Mx-
cre mice. In contrast, only 9%, 32% and 57% of the thymocytes,
splenic T cells and B cells of Runx1V-Mx-cre mice, respectively, had
a Runx1~'~ genotype. Therefore, a large proportion of mature lym-
phocytes originated from lympheid progenitor cells still expressing
intact AML-1, and AML-1 deficiency should be disadvantageous to
lymphocyte development.

Injection of pIpC did not cause significant differences in neutro-
phil counts or hemoglobin levels among the Runxi¥-Mx-cre {floxed)
mice, Runx1V*Mx-cre mice and Runxi*'*Mx-cre (control) mice
(Fig. 2a). Immediately after pIpC injection, however, platelet counts
for the floxed mice declined to one-third to one-sixth of those for the
control mice (Fig. 2a}. Lymphocyte counts were slightly depressed
after more than 4 weeks in the floxed and Runx1V*Mx-cre mice. These
results suggest that AML-1 is required for the maintenance of platelets
and lymphocytes, but not for the sustained production of erythrocytes
and neutrophils.

We next examined bone marrow cell morphology in the pIpC-treated
floxed mice to determine whether thrombocytopenia results from
abnormal megakaryopoiesis. The cellularity of the bone marrow and
meorphology of myeloid cells in the floxed mice were not remarkably
altered from those of the control mice, except for a slightly elevated
myeloid-erythroid ratio (2.35  0.70 in floxed mice compared with
1.71 % 0.39 in control mice; n = 7 (paired), P = 0.046 by Wilcoxon
signed-rank test; Fig, 2b and data not shown). However, Wright-Giemsa
staining of floxed bone marrow revealed the absence of normal mega-
karyocytes with abundant cytoplasm and lobulated nuclei (Fig. 2b).
Instead, the floxed bone marrow contained a small number of imma-
ture megakaryocyte-like cells with occasionally separated round nuclei,
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Figure 1 Inducible AML-1 knockout mice. (a} Schematic representation

of conditional gene targeting of the Runxl gene. E, EcoRl; H, Hindll]; X,
Xbal; gray box in upper left corner, 5’ genomic probe; neo/tk, PGK-neof
HSV-thymidine kinase positive selection cassette; DT-A, diphtheria toxin

A chain negative selection cassette. (b) Southern blot genotyping of cells
from hematopoietic organs of mice injected with plpC. Numbers below
lanes indicate proportion of Runxl-deleted cells. (c) Wright-Giemsa-stained,
cytocentrifuged specimens of peritoneal inflammatory cells genetyped in b.

resembling the abnormal ‘micromegakaryocytes’ observed in human
myelodysplastic syndromes (Fig. 2b). Consistent with this abserva-
tion, a substantial increase in the number of small megakaryocytes
was revealed in the floxed bone marrow by acetylcholinesterase stain-
ing, which specifically detects mature and immature megakaryocytes!:
(Fig. 2b}.

Given the prominent immaturity of megakaryocytes in the floxed
mice, we examined the ultrastructure of the megalaryocytes (Fig.
2¢). In addition to their smaller size, floxed megakaryocytes showed
poorly developed demarcation membranes compared with mega-
karyocytes from control (RunxI*'*Msx cre) mice. During the mat-
uration process, megakaryocytes acquire high DNA ploidy (>4n)
through a cell cycle process known as endomitosis!?. As expected
from the smaller size of their nuclei, CD41* megakaryocytes from
the floxed mice showed a markedly lower level of polyploidy {<8n)
than megakaryocytes from the control mice (modal ploidy, 16n),
as revealed by flow cytometric measurement of DNA content. This

demonstrates that AML-1 deletion also causes defective polyploidiza-
tion in megakaryocytes (Fig. 2d). Although a recent report showed
that AML-1 regulates the expression of megakaryocyte-specific
genes in cooperation with GATA-1 (ref. 13), and although the small
and immature megakaryocytes that we observed are reminiscent of
those found in GATA-1 knockdown mice'*!?, the expression levels of
megakaryocyte-specific transcription factors in floxed mice, includ-
ing GATA-1, FOG-1 and NF-E2, remained unaffected according to
RT-PCR analyses of lineage-negative {Lin~) bone marrow cells (data
not shown). .

We subsequently conducted in vitro colony-forming assays to
evaluate the frequency of hematopoietic progenitors. Floxed bone
marrow cells formed more megakaryocytic colonies (CFU-Meg)
than control bone marrow cells in semisolid media (Fig. 3a). The
numbers of myeloid and mixed {myeloid and erythroid) colonies
were also elevated in the floxed bone marrow. Using single-colony
PCR genotyping, we detected the RunxI~'~ genotype in 149 of 150
myeloid colonies, 48 of 50 erythroid colonies, 35 of 36 mixed colonies
and 14 of 14 megakaryocytic colonies from pIpC-treated floxed bone
marrow cells, thus excluding the possibility that those hematopoi-
etic cells might be predominantly derived from progenitor cells still
expressing intact AML-1 (data not shown). Using flow cytometry
(Fig. 3b), we observed an increased number of cells in the Lin-c-
KithiCD41Pi fraction, which was presumed to contain CFU-Meg!?,
in the floxed bone marrow. Similarly, the number of cells defined by
CD34-Lin°¢c-KithiSca- 15 {Fig. 3¢}, which represent the most imma-
ture hematopoietic progenitor cell population!?, was also elevated in
the floxed bone marrow. Although development of both T and B cells
from AML-1-deficient cells was impaired (Fig. 1b), the cells defined
by Lin/°IL-7Rac+Sca-119¢-Kitle, previously reported to include com-
mon lymphocyte progenitors (CLPs)'®, were maintained in the floxed
bone marrow (Fig. 3d).

Increased numbers of primitive hematopoietic progenitors,
immortalized myeloid progenitor cells and arrested myeloid matu-
ration have been observed in mice expressing the leukemic AML-1/
ETO chimeric protein!®-2!, which dominantly suppresses the nor-
mal function of AML-1. We observed an elevated colony-replating
capacity of Runxl™~ hematopoietic cells, although replating could
be repeated for only 2 months (Fig. 3e). Although AML-1-null neu-
trophils were morphologically normal, and freshly collected floxed
bone marrow cells did not show altered apoptosis when assessed
by annexin-V expression (data not shown), we detected increased
apoptosis of myeloid colony-forming cells, suggesting that a certain
degree of maturation arrest occurs in the myeloid lineage in the
absence of AML-1 (Fig. 3f).

Because immature hematopoietic progenitor cell fractions were
elevated in the floxed bone marrow, we used a competitive repopula-
tion assay to assess their ability to reconstitute adult hematopoiesis?2.
We used isotypes of the pan-hematopoietic marker CD45 (Ly5) to
distinguish the origins of the repopulating cells. Sublethally irradi-
ated C57BL/6-Ly5.1 recipient mice (Ly5.1*Ly5.2™) were intravenously
injected with a mixture of bone marrow cells from C57BL/6-Ly3.1/
Ly5.2 Fy competitor mice (Ly5.1*¥Ly5.2%) or floxed or control mice
(Ly5.1"Ly5.2*) previously injected with pIpC. We then analyzed
Ly5 isotypes on the repopulating cells by flow cytometry (Fig. 4a).
Notably, the floxed bone marrow cells reconstituted neither periph-
eral T (Thy-1.2%} nor B (B220%) cells, whereas there were no sig-
nificant differences in the mature neutrophil (Gr-1MMac-1*) and
monocyte populations (Gr-1'"Mac-1*)23 (Fig. 4a). The contribution
to the reconstituted bone marrow was not significantly different in
neutrophils (test/competitor = 0.382 + 0.083 for floxed mice (n =
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Figure 2 Thrombocytopenia and megakaryocytic a 7 25 18 250 -

maturation arrest of induced AML-1 knockout _8 — .

mice. (a) Peripheral bioad cell counts of RunxIt CE § 20 %14 gzuo-

*Mx-cre (control; @), RunxI™ Mx-cre (O) and €8 % 12 5
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plpC on days 0, 2 and 4. Results are shown as -Ea Em X ﬁ 100

mean + s.d. {error bars) from four to seven mice. s £ 5 [ ﬁ
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mice (unequal-variance ftest). (b) Histochemical - 2 =< ’??
analyses of bone marrow. W-G, Wright-Giemsa; 0 0 o 28 se a4 06 o8 58 B4 0 o o7 e

AchE, acetylcholinesterase. Arrows indicate
megakaryocytes. Scale bars, 50-um (H&E,

W-G, and AchE right panel) or 250-um (AchE

left panel). (e) Electron micrographs of bone b
marrow megakaryocytes. Megfarrowhead,
megakaryocytes; ¢ms, demarcation membranes;
N, nucleus. Scale bars, 5-um {left} or 500-nm .
(right). (d} DNA contents of CD41* bone marrow
cells. ~ - —, CD41- fractions for 2rrand 4n
controls. Typical results from three experiments
are shown (4-8 weeks after plpC injection).

Control

8), compared with 0.424 1 0.118 for contrel Floxed

mice (n=4); P=0.93 by Wilcoxon rank-sum

-

test) or monocytes (test/competitor = 0.443 . .;;.';',ﬁ'f.". y

+ 0.082 for floxed mice (n = 8), compared

Time after plpC injection {d)

with 0.940 + 0.440 for control mice (n = 4);
P =10.35). The floxed cells also repopulated

the megakaryocytic progenitors (Lin~CD41%;
Fig. 4b). Given the inability of AML-1-defi-
cient cells to reconstitute the T-cell lineage,
we investigated thymocyte development in
the absence of AML-1 by analyzing double-
negative thymocytes of the recipient mice.
We observed a significant block in the mat-
uration of floxed T-cell progenitors at the
transition from CD447CD25% (DN2) to
CD44-CD25* (DN3) (DN3/DN2 ratio of
Ly5.17Ly5.2% cells = 0.025 £+ 0.029 for floxed
mice {n = 5), compared with 1.87 £ 1.51 for
control mice (= 4); P < 0.05; Fig. 4c), indi-
cating that immature T-cell precursors had
accumulated in the thymus. These findings,
along with the observation that the CLP fraction was not affected
in the floxed bone marrow, suggest that AML-1 is not necessary for
the maintenance of CLPs, but is required in Iymphoid precursors
committed to T- or B-cell lineages. Consistent with this, a recent
report and our experiments using Ick-Cre-mediated, T-cell-specific
AML-1-knockout mice show that the maturation of T-cell progeni-
tors deficient in AML-1 is blocked at the DN3-DN4 transition (ref.
24 and T.A. et al., unpublished data). Because Ick-Cre expression
becomes evident at the DN3 stage or later, the present study unveiled
an important role of AML-1 in the DN2-DN3 transition. However,
because of the insufficient contribution of the floxed cells to the
B220" bone marrow fraction {test/competitor = 0.011 £ 0.012 (#
= 8) compared with 0.306 * 0.295 for control (1 = 4)), we could
not determine which step in B-cell development was affected by
the absence of AML-1. The role of AML-1 in B-cell development
might be revealed by other approaches, including the analysis of B-
cell lineage-specific AML-1-knockout mice. Although lymphocyte
development is substantially blocked at early stages in the absence of
AML-1, the detection of AML-1-deleted T and B cells in the periph-

Control

Floxed [

— Cell count

— Propidium iodide

ery of Runxif~Mx-cre mice (Fig. 1b) indicates that some lymphoid
progenitors may still survive for a prolonged period and differentiate
into mature lymphocytes.

Our data show that lack of AML-1 at the adult stage causes hema-
topoietic progenitor cell expansion, probably through a partial block
in myeloid cell differentiation. This finding agrees with the phe-
notypes of previously reported mouse maodels of t(8;21)—carrying
human leukemia, in which AML-1/ETO fusion protein is implicated
in leukemogenesis through dominant-negative suppression of AML-
1 function!®-2!, The loss or dominant-negative suppression of AML-
1 function is also found in human myelodysplastic syndromes and
familial platelet disorder with predisposition to AML®?, both of
which are thought to be a preleukemic state. Taken as a whole, our
observations suggest that the number of hematopaoietic progenitor
cells is negatively regulated by AML-1, and that the loss of AML-1
function triggers a preleukemic state, However, the myeloid imma-
turity and immortalization of bone marrow progenitors observed in
AML-1/ETO mice could not be recapitulated in our Runx1-Mx-cre
mice. Therefore, AML-1/ETO may not only inhibit AML-1 func-

NATURE MEDICINE VOLUME 10 | NIIMRFR 3 | MARCH 2004

S171 -



. . . b
a 25 goy 7 00y 7
80 8
o 2 70 80 o Fos Control
[ [ 6 w ¥IsS
15 50 €0 3 Q
3 10 40 4 40 OControl % -+ ; = y ohsose
§ 8 BFiored &£ ] s Loz —» Taa' f 0100 £ 0pso%
2
§ ?g ® é Floxed ‘
o o 0 4 0 c-Kit-APC 1}.1 3§ + 9.1709%
woow k-] =) o .
24 2 F £ 1
S o > =2 ey ;
CD41-FITG Sca-1-PE CD34-FITC
d e 500
@ 400 Figure 3 Hematopoietic progenitcr cells are expanded in floxed
"~ @ 400 bone marrow. (a) I vitro colony-formation assays. Typical results
g - from at |east three independent triplicate cultures are shown {mean
& 5 200 +5.4.). CFU-E, erythraid colonies; BFU-E, erythroid burst colonies;
L - 5 100 Meg, megakaryocyte colonies. *, P< 0.01 by two-tailed, unequal-
E3 = E 0 variance Hest. {b) CD41 and c-Kit profiles of Lin- cells {(R1). R2,
= 1. T 2, T 2 34 567 8 Linc-Kit"CD4 1+ cells (P< 0.01, n=11 pairs). {c) Sca-1, c-Kit
5§ £ 5 Timg {weeks) and CD34 profiles of Lin™19 bone marrow cells. R4, CD34-Lin~
C o O f loSea-1hic-Kithi cells (P < 0.05, n = 6 pairs). (d) Analyses of CLPs
=+ (P=0.22, n=8 pairs). Fioxed CLPs were sorted and genotyped
o1 e — ~fl —conuel Floxed by PCR, using Rumx 1"~ tail tip DNA and FACS-sorted floxed
& 5 Genomic PCR {nested) _ : splepi; T cells {Runx1 deletion is rare, as in F_ig. 1b) as contrals,
é 1]%%3” Control: 0.027 £ 0.015% S ] E Statlstlcal.analyses in b—d were done using Wilcoxon s.lg_neci.-rank
& (& Al Floxed : 0.059 + 0.054% = J12915.8% §42.1£18.1% test for paired data from mice 4-12 weeks after pipC injection.
1\,f\\5¥_‘ e} _'I—'i 3 () Colony-replating assay. O, floxed; ®, control. Typical data from
“Sca-1-FITC ] E four independent triplicate cultures are shown (mean + s.d.).

-Propidium lodide

tion, but may also have the ability to immortalize hematopoietic
progenitors.

Although AML-1 is considered to be a master regulator of defin-
itive hematopoiesis, our current study shows that AML-1 is dis-
pensable for prolonged hematopoietic cell engraftment, as well as
commitment to the myeloid lineage and at least to double-negative
thymocytes in the lymphoid lineage. Qur present data also indicate
that AML-1 is essential for the terminal differentiation of hemato-
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Figure 4 Competitive repopulation assay. (a) Contribution to peripheral

blood. Data are shown as mean + s.d. (error bars) of ratio of Ly5.1-Ly5.2+
‘test’ cell number ta Ly5.1+*Ly5.2* ‘competiter’ cell number at each point. O,
floxed; @, control. *, P < 0.05; **, P < 0.01 by Wilcoxon rank-sums test. (b)
Contribution of floxed (Ly5.1-Ly5.2*) megakaryocytic progenitors (LinCD41%)
in bone marrow (typical results from four recipients are shown), (¢) Analysis
of thymocytes of recipient mice. CD25/CD44 profiles of double-negative {DN)
thymocytes are shown as typical results from four recipients in each group.

() Apoptosis of bone marrow cells cultured in methylcellulose-
containing medium, P < 0.05 by two-tailed ttest; n= 4.

poietic progenitors of megakaryocytic and lymphocytic lineages,
which establishes AML-1 as a regulator with multiple roles in the
maintenance of lineage-committed cells in adult hematopoiesis.
However, our results also suggest that the maintenance of HSCs
and their commitment to more mature progenitors in adult hema-
topoiesis does not always require a transcription factor essential for
hematopoietic ontogeny during embryogenesis, and can be induced
by other hematopoietic genes. This is supported by a previous study
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that showed that SCL/tal-1, a transcription factor essential for the
development of primitive hematopoiesis during the embryonic
stage, is required for the proper differentiation of erythroid and
megakaryocytic lineages, but not for the maintenance of HSCs in
adult hematopoiesis®®. To fully understand the intricate process of
hematopoiesis, it will be necessary to determine the roles of those
hematopoietic genes.

METHODS

Mice. We introduced the targeting vector (Fig. 1a) into TT2 embryonic stem
cells?6, and transiently expressed Cre recombinase to generate embryonic
stem cell lines carrying the Runx!® or RunxI- alleles. Chimeric tice raised
by aggregation were crossed to the C57BL/6 background, and were mated
to interferon-inducible Mx-cre transgenic mice'®. Mx-cre expression was
induced by intraperitoneally injecting 250 g of pIpC, on three alternate
days, into 4- to 8-week-old mice!®, C57BL/6-Ly5.1 congenic and C57BL/6-
Ly5.1/Ly5.2 F; mice were used for competitive repopulation assays. Mice
were kept at the Animal Center for Biomedical Research, University of Tokyo,
according to institutional guidelines.

Genotyping, For PCR genotyping, cells were lysed in a lysis buffer (0.3%
Tween 20, 0.3% NP-40, and 120 ug/ml proteinase K in 1x TE buffer) at 55
°C for 1 h, followed by inactivation at 80 °C for 10 min, DNA was amplified
using primers 2 (5-ACAAAACCTAGGTGTACCAGGAGAACAAGT-3",
f120 (5’-CCCTGAAGACAGGAGAAGTTTCCA-3") and r? (5-GTCTACTC-
CTTGCCTCAGAAAACAAAAAC-Y') for the first PCR reaction, and nested
primers f1 (5"-AAAACCTAGGTGTACCAGGAGAACAAGTC-3%), f101 (5'-
TTCCAGGTCAACTCTCTCACCTCTC-3") and 15 {5'-ATCTGAGTTGGCC
TAATTTCCCTTTG-3"} for the second reaction, to detect the 280-base pair
Runx!~ and 220-base pair Runx1" products. Southern blot analyses of DNA
samples digested with EcoRI were done according to standard protocols, using
a 5" EcoRI-Bglll genomic probe (Fig. 1a).

Analyses of blood cells. Peripheral blood was counted using an automated
hemacytometer, and leukocytes were morphologically classified to calculate
neutrophil and lymphocyte counts. Mice were analyzed for bone marrow
morphology 2 menths after pIpC administration. For histological examina-
tion, sectioned femoral bone marrow specimens were stained with H&E, and
cytocentrifuged specimens were stained with Wright-Giemsa or for acetylcho-
linesterase as previously described!!. Peritoneal exudative cells were collected
by washing the peritoneal cavities of mice 4 h after intraperitoneal injection
of 2 ml of 2% casein in PBS. Splenocytes were labeled with antibodies to Thy-
1.2 {for T cells) or B220 (for B cells}, conjugated to magnetic microbeads to
collect splenic lymphocytes using a MACS LS+ system (Miltenyi Biotec). The
cells were checked for purity by flow cytometry (>97%; data not shown).

Ultrastructural studies. Femoral bone marrow samples prepared 4 weeks
after pIpC injection as previously described?” were examined with a JEOL
1200CX electron microscope.

Flow cytometry and cell sorting. All monoclonal antibodies and fluoro-
chromes were purchased from BD PharMingen. To measure bone marrow
progenitor cells other than CLPs, cells were stained with FITC-conjugated
antibedies to CD41 or CD34, phycoerythrin (PE)-conjugated antibody to
Sca-1, allophycocyanin (APC)-conjugated antibody to c-Kit, and biotin-
conjugated antibodies to lineage (Lin) markers {(CD3g, CD4, CD8a, B220,
Gr-1, Mac-1 and Ter119}, and visualized with streptavidin-PerCP-Cy5.5. For
CLP cell fractions, cells were stained with Lin-PE, Sca-1-FITC, c-Kit-APC
and IL-7Ra-biotin/streptavidin-APC-Cy7. Stained samples were analyzed
using either FACSCalibur or BD LSRII (BD Biosciences). For sorting CLP
cells, Lin* were predepleted from bone marrow cells using the MACS LD
system (Miltenyi Biotec). The remaining fraction was stained for CLP as
described above and sorted using a FACSVantage cell sorter. The cell sorter
was calibrated to achieve >98% purity for Thy-1.2* cells stained with Thy-
1.2-APC. Approximately 1,000 CLP cells were genotyped by PCR. To ana-
lyze competitively repopulated cells, cells were stained with Ly5.2-FITC,
Ly5.1-PE, Gr-1-bictin/streptavidin-PerCP and Mac-1-APC for myeloid
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cells, and with Ly5.2-FITC, Ly-5.1-PE, B220-PerCP and Thy-1.2-APC for T
and B lymphocytes. Thymocytes were stained with Ly5,1-FITC, Ly5.2-APC,
CD25~ PerCP-Cy5.5, CD44-PE and biotin-conjugated antibodies to CD4,
CD8,NK1.1 and TCR-Y5, and visualized by streptavidin-APC-Cy7 for analyz-
ing double-nepative thymocytes. Bone marrow megakaryocytic progenitors
were stained with CD41-FITC, Ly-5.1-PE, Ly-5.2-APC and Lin-biotin/strep-
tavidin-PerCP-Cy5.5. Two-color flow cytometric analysis of the DNA content
of bone marrow megakaryocytes stained with CD41-FITC was performed
as previously described?®.

In vitro hematopoietic colony-forming assays. For CFU-Meg, 2.5 x 104 bone
marrow cells from mice 4-8 weeks after pIpC injection were cultured in | ml
of o-MEM containing 0.8% methylcellulose, 1% BSA, 30% FBS, 100 UM 2-
mercaptoethanol and 10 units of mouse thrombopoietin. For other (myeloid
and erythreid) colonies, 5 x 10* cells were cultured in 1-ml of IMDM contain-
ing 0.8% methylcellulose, 1% BSA, 30% FBS, 100-uM 2-mercaptoethancl,
100-ng/ml of mouse stem cell factor, 5-ng/m! of mouse interleukin-3 and
7.5 units/ml of human erythropoietin (all growth factors were generously
provided by Kirin Brewery). Colonies were counted after 3 d (for erythroid
colonies}), 5 d (for erythroid bursts and myeloid colonies), 7 d (for mixed
colonies) or 8 d (for CFU-Meg) of culture in 5% CO, at 37 °C. For replating
experiments, the whole myeloid and erythroid culture was pooled on day
7 and washed twice, and 1 % 10* cells were subjected to subsequent culture
in the same medium. Scoring for colonies and reculturing were repeated
every 7 d.

Detection of apoptotic cells. Whole myeloid and erythroid methylcellulose
cultures were pocled on day 7 of culture, washed, fixed and stained with
propidium iodide for analysis by flow cytometry to detect apoptotic cells
(DNA content < 2n) as previously described??,

Competitive repopulation assay. X-ray-irradiated (9.5-Gy, 0.3-Gy/min,
unfractionated) recipient mice were intravenousty injected with a mixture of
1 X 10° each of unfractionated bone marrow cells from “test’ mice (floxed
or control mice, 8-12 weeks after pIpC injection} and competitor mice.
Peripheral blood was analyzed monthly, and bone marrow cells and thymo-
cytes were analyzed 3 months after transplantation by flow cytometry.
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