TABLE I. Patient Characteristics*

No. of paticnts 43
No. of aphcreses 104
Mediun (range) age in yeurs (170}
Sex (mule-female) 14
Diagnosis
NHL
HD
ALL
MM
Germinoma
Liering cancer
Pr¢-PBSC chemotherapy
Cy 14
ETP
Ara-C
Cy/ETP 22
Ara-CMIT
CHOP 2

1

—ay o b T s

ETP.CDDP/Ara-C 2
CBDCAAra-C.ETP, MIT
MTXIFM CBDCA ETP
Mecdian (range) no. of aphereses
Mcdian (range) WBC count
just before harvest
Median (range) no. of
collected CD34 " cells
No. who rcached geal no,
who reccived chemetherapy
1 coursc
2 courses

1
1
1
Cy/ADM;CDDP 1
ki
1
3

{(1-4)
11,700 (3.800 47.400) uL
0.83 (0.041-22.5} x 10% kg

3143
45

*Abbreviations: Cy, cyclophosphamide; ETP, ctoposide: Ara-C. cytosine
arabinoside: MIT, mitoxantron; ADM, adriumyein; CDDP, ¢is-diamine
dichloroplatinum; IFM, ifosphamide; CBDCA, carboplatin.

with the number of CD34™" cells [9,24), but in our
analysis there was no correlation (r = 0.10). In add-
ition, no correlation was seen between the number of
CD34" cells in respective harvests and the absolute
reticulocyte counts (r = 0.04) on the day-of apheresis.
We also accessed the increase in WBC count on the
day of apheresis as compared with the previous day
and found a moderate correlation with the number of
CD347" cells in respective harvests (r = 0.46, P <
0.0001, R* = 0.215).

We then assessed the correlation between the num-
ber of CD34™ cells in respective harvests and differ-
ential percentages (%) on the day of apheresis. With
the exception of the percentage of segmented neutro-
phils (r = —=0.68), percentages of all differential com-
ponents, i.e., myeloblasts, promyelocytes. myelocytes,
metamyelocytes, and stabs, had a positive correlation
with CD347 cell number (r = 0.63. 0.48, 0.76, 0.70,
and 0.49, respectively). The sum of the percentages of
myeloblasts, promyelocytes, myelocytes, and meta-
myelocytes, excluding stabs, showed a markedly
high correlation {r = 0.79). being slightly better than
that including stabs (r = 0.77). We therefore defined
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Fig. 1. Correlation analysis between Left Shift Index {LSI)

and CD34* cells per apheresis product.

the former as left shift index (LSI) (Fig, 1; r = 0.79,
P < 0.0001, ¥ =0.227X — 0.099, R? = 0.623).

To render the LSI clinically usable, we evaluated
ROC curves with the aim of establishing cutoft points
for the optimal time to begin apheresis. The collection
goal for transplantation is generally (1-2) x 10°
CD34" cells/kg. Thus, practical goals for the number
of CD34 " cells from respective harvests could be 0.1 x
10° cells/kg, 0.25 x 10° cells/kg, 0.5 x 10° cellstkg, 1 x
10° cells/kg, etc. For each of the above goals, we exam-
ined ROC curves. The best cutoff point isat or near the
*shoulder™ of the ROC curve unless there are clinical
reasons for minimizing either false negatives or false
positives. According (o this criterion, the best culofl
points of LSI for 0.1 x 10° cells/kg, 0.25 x 10° cells/
ke, 0.5 x 10° cells/kg, and 1 x 10° cells/kg were 1.5%,
4,75%, 7.5%. and 7.5%, respectively (Fig. 2 and Table
1D. The cutoff point of 7.5% gives the sensitivity and
specificity to obtain more than 1 x 10° cells/kg of
93.3% and 94.3%., respectively, meaning that only
6.7% of effective harvests are missed and only 5.6%
of poor harvests will be falsely practiced. When LSI
reaches more than 15.25%, nearly 100% of apheresis
will attain the goal of 1 x 10° CD34” cells/kg. In our
subjects, LSIs of 4.75%, 7.5%, and 1525% were
achieved in 35, 30, and 21 aphereses in a total of 66
apheresis trials, as summarized in Table I11.

DISCUSSION

About 20-30% of patients fail to yield a sufficient
number of CD34™ cells to ensure prompt engraftment
of neutrophils and platelets [25-29]. Apherests failures
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Fig. 2. Receiver operating characteristic (ROC) curve of LSI for the prediction of sufficient or poor harvest. Target cell
doses per apheresis are 0.1 x 1057kg BW {A), 0.25 x 10%kg BW (B), 0.5 x 10%kg BW (C), and 1.0 x 10%kg BW (D).
Abbreviations: AUC; area under curve, SEM; standard error of the mean, P; probability, Cl; confidence interval.

can be reduced if reliable indicators are available for
measuring adequate mobilization of CD34 ™ cells.

The WBC count during the recovery phase follow-
ing the chemotherapy-induced nadir is widely used as

the practical indicator of time to initiate apheresis,
but the counts do not correlate well with the number
of mobilized CD34 " cells [18-20,30.31]. Several pre-
vious studies reported that the rate of WBC recovery
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TABLE . Sensitivity, Specificity, Positive, and Negative
Predictive Values at the Cutoff Point of LS| in Four
Kinds of Target Cell Dosage for Respective Harvest

Target ccll dosage for respective harvest (kg BW)

0.1x10%  025x10° 0.5x10" LOox1p®

Cutoff point of

LSI (%) 1.5 4.75 7.5 7.5
Sensitivity (%) 80.0 70.0 75.0 93.3
Specificity (% 813 100 100 94.3
Predictive value of

positive test (%a) 98,0 160 100 933
Predictive value of

negative 1est {%o) 294 516 722 943

TABLE lll. Frequency of Achievements for the Cutoff Points
of LSI

Apheresis LSI > 4.75
no. total (%)

LS1 > 7.5°
wotal (%o)

LS1 > 15.25/
total {%a)

22:33(66.7%%)

11:22 (50.0%)
2.8 (25%)
03(0%)

19 33 (57.6%0)
922 (40.9%)
2.8 (25%)
NA

13733 (39.4%)
822 (36.4%)
NA
NA

Ist apheresis
2nd apheresis
3rd apheresis
4th apheresis

NA. not applicable.

could be used 1o predict the most effective time for
apheresis [5,9,27.32,33], but in our experience, the
correlation between WBC recovery rate and the
CD34" cell number was moderate, indicating that
this parameter is not useful in clinical practice.

Some investigators reported that pre-apheresis
CD34" cell counts reliably predict CD34 " cell yields.
Haas et al. showed a strong correlation (r = 0.80)
between them in 142 collections performed for 61 lym-
phoma patients after chemotherapy and cylokine
mobilization [34]. Nevertheless, a great majority of
institutions still use WBC counts or the rate of increase
in the WBC count during G-SCF-assisted recovery
after chemotherapy to predict the timing for optimal
PBSC collection, because not all institutions have the
capability to rapidly measure CD347 counts [10,11].
We could say collections have depended to empirical
knowledge of clinicians in the latter institutions.

The simple sum of the percentages of immature gran-
ulocytes, proposed as LSI here, is superior to others not
only in terms of its remarkably high (similar to pre-
apheresis CD34 " cell counts!) correlation with CD34*
cell number (r = 0.79, £ < 0.0001) but in terms of the
adaptability to heavily pretreated patients as well,
Moreover, our regression analysis has also established
concrete cutoff points, which helps decisions to cease or
continue collection, leads to good cost performance.

This report is a retrospective study, so we suggest that
prospective studies be performed in many institutions.
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AML1 (RUNX1) 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 transerip-
tion cofactor p300 binds to the C-terminal region of
AMLI1 and stimulates AMLl-dependent transeription
during myeloid cell differentiation. Here, we report that
AML1 is specifically acetylated by p300 irn vitre. Mu-
tagenesis analyses reveal that p300 acetylates AML]1 at
the two conserved lysine residues (Lys-24 and Lys-43).
AML1 is subject to acetylation at the same sites in vivo,
and p300-mediated acetylation significantly augments
the DNA binding activity of AML1. Disruption of these
two lysines severely impairs DNA binding of AMLI1 and
reduced the transcriptional activity and the transform-
ing potential of AMLI1. Taken together, these data indi-
cate that acetylation of AMLI1 through p300 is a eritical
manner of posttranslational modification and identify a
novel mechanism for regulating the function of AML1,

AMLI1 {PEBP2aB, core binding factor a2, or RUNX1) and its
cofactor PEBP2@/core binding factor 8 are the most frequent
targets of chromosomal translocations in human leukemias (1).
The AML! gene was identified through its involvement in the
(8;21) translocation, which rearranges the AMLI gene on chro-
mosome 21g22 and the ETO (MTGE&) gene on chromosome
8g22, resulting in the generation of the AMLI1.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 AMLI gene encodes a transcription factor containing an
N-terminal DNA-binding domain that is highly homeologous to
the Drosophila pair-rule protein Runt, which is called the Runt
domain (9). AML1 binds to the core enhancer DNA sequence,

* This work was partially supported by a fellowship from the Minis-
try of Education, Culture, Sports, Science and Technology of Japan. The
costs of publication of this article were defrayed in part by the payment
of page charges. This article must therefore be hereby marked “adver-
tisement” in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.
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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 PEBP2B (10-13). This heterodimeric complex regu-
lates transcription of a large number of hematopoietic lineage-
specific genes (14, 15). Targeted disruption of either AMLI or
PEBP2f has demonstrated that both AML1 and PEBP2S 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 AMLI1 proteins are produced by
alternative splicing, termed AMLla, AML1b, AMLlc, and
AMLIAN (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
AML] hereafter.

Previously, Kitabayashi et al. (23) demonstrated that AML1
associates with a transeription cofactor p300 in vivo and that
p300 potentiates AML1-dependent transcriptional activation.
On the other hand, AML1 synergizes with a variety of tran-
scription factors, including CCAAT/enhancer binding pro-
tein-e, 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
function remain elusive thus far. Previously, we reported that
AMLI 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
AML]1 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 transeriptional regulation,
bridging a wide variety of DNA-binding proteins to components
of the general transcriptional machinery (38). In addition, p300

*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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AML1 Acetylation by p300

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, Drosophile 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 AML1 bound to DNA and results in
stimulation of AML.1-dependent transeription. Substitution of
target residues uncovered a close relationship between the
acetylation and the in vive function of AML1. Our studies
demonstrate that acetylation is a critical manner of posttrans-
lational modification of AMLI.

MATERIALS AND METIIODS

Cell Cultures—CQO87, 293T, Hel.a, 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 eells and MOLT-4 cells were cultured in Dulbeeco’s
modificd Eagle’s medium and e-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-AMLI1-(1-
189), pGEX.K24R/K43R-(1-18%), and pGEX-K24A/K43A-(1-189) were
obtained by cloning the PCR fragments corresponding to aming 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-PEBP2
and FLAG-tagged p300-HAT were constructed as described previously
(43, 44). Construction of pME18S-AML1 and AML1A-(47-172) was
desceribed elsewhere (19, 45), For construction of A-(23-64), a fragment
for amino acids 1-84 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 (DYKDDDDEK) was
inserted after the first methionine by PCR as described previously {32).
The AML1 K24R, K43R, K24R/K43R, K24A/K43A, K182R, K188R, and
K1582R/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 enceding AML1I or
K24A/K43A was deprived of the polyadenylation signal by digestien
with BamHI and cloned into the pSRabMSVtkreo vector (19}, pM-CSF-
R-luc containing —416 to +71 of the human M-CSF receptor promoter
was deseribed 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
GCN5 were purified as described previously (44, 45).

In Vitro Acetyvlation 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 mx dithiothreitol, 1 mm phenyl-
methylsulfonyl fluoride, 10 my sodium butyrate, and 0.05 uCi of
["“Clacetyl-CoA (Amersham Biosciences), and analyzed by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Transfection, Immunoprecipitation, and Immunobiot Analysis—
COS7 cells or 293T cells were transfected with expression plasmids by
the DEAE-dextran method as deseribed previcusly (48). Polyclonal
antisera te the full-length (anti-AML1), the PST region {anti-PST) of
AML1, and PEBP23 (anti-PEBP2j) 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 my NaCl, 50 mm Tris-HCl (pH 7.5), 0.5%
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Igepal, 1 mym EDTA, 0.5 my dithiothreitol, 10 mn sodium butyrate, 1 g
of aprotinin/m!, 1 pg of pepstatin/m!, 1 pg of leupeptin/ml, 0.2 mm
phenylmethylsulfonyl fluoride followed by incubation for 30 min on ice,
Whole cell lysates containing 100 ug of proteins were subjected to
SDS-PAGE and transferred to polyvinylidene diflucride membranes
(Immobilon, Millipere). The membranes were blocked with 10% skim
milk, treated with anti-p300 (RW128, Upstate Biotechnology), anti-
AML]1, anti-FLAG (M2; Sigma), or anti-PEBP2j, 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 Bicsciences). For immuneprecipita-
tion, cclls 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-Scpharose (Sigma). Immunoprecipitates were
washed, separated by SDS-PAGE, and analyzed with anti-p300 as
described above.

In Vivo Sodium {"H]Acetate Labeling—MOLT4 cells were grown to
2 X 107 cells, washed twice with cold phosphate-buffered saline, resus-
pended in RPMI labeling medium i1 mCi of *H-sodium acetate (Amer-
sham Biosciences) per ml and 50 ny trichestatin A (Wako)), and then
incubated at 37 °C for 90 min. pME185-AML1 and mutants either with
or without FLAG tag were transfected with pcDEF3-p300 as described
above into COS7 cells. After 30 h, cells were exposed to 1 mCi of sodium
[*H]acetate/m] 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).

Elcctrophoretic Mobility Shift Assay (EMSA)—The M4 probe contain-
ing a partial A core of the polyomavirus enbancer was produced as
described elsewhere (50). Five micrograms of GST fusion proteins were
collected on glutathione-Scpharese 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 glutathiore in 50
ml Tris-HCl (pH 8.0, GST-PEBP28 collected on glutathione-Sepha-
rose beads was incubated in the thrombin (Amersham Bioscienees)
reaction mixture at room temperature for 16 h, and then centrifuged,
and supernatant containing PEBP28 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 my1 Hepes (pH 7.6), 4% Ficoll (W/V), 10 mm
EDTA, 40 mn KCJ, 0.5 my dithiothreitol, 300 ng of poly(dI-dC) for 30
min at room temperature in the presence or absence of PEBP28. Sev-
enty ng of unlabeled M4 probe were added as a cold competitor. Reac-
tion mixtures were subjected to EMSA as described previcusly (45).
Nuclear extracts were cbtained from COS7 cells transfocted with full-
length AML1 or K24R/K43R in pME18S either alone or together with
PEBP28 by the DEAE-dextran method, as described previcusly (195
The procedures for EMSA were presented previously (45). For radioi-
sotope labeling, [a-**P|dCTP was incorporated 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/MKA3A 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
(511, A plasmid expressing B-galactosidase was co-transfected as an
internal contrel 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 transcriptional factors as
coactivators. Recently, a physical interaction between AMLI1
and p300 was demonstrated (23). To confirm the interaction of
endogenocus 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. Immmunoblot
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Fic. 1. AML1 interacts with p300 in vive. Co-immunoprecipita-
tion (IP) of endogenous AML1 with p306Q 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
immnyunoblot (IB) 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 vive in agreement with previous
findings (23).

p300 Specifically Acetylates AML1 in Vitro—Association of
p300 with AML1, together with the recent demonstration of its
acetyltransferase activity on a variety of transcription factors,
prompted us to determine whether AMLI 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 (AMLI1-
(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 [YClacetyl-CoA. Use of these
highly purified recombinant proteins eliminates possible cor-
tamination by other HATS. As shown in Fig. 2B, GST-AML1-
(1-189) was specifically labeled with [*Clacety]-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 AMLI1 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-AMLI1-(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 AMLI1.
First, we wished to determine whether endogenous AMLI in
hematopoietic cells was also acetylated. For these experiments,

AML]1T Acetylation by p300

we pulse-labeled MOLT-4 cells, a human acute lymphoblastic
leukemia cell line, with [*H]acetate in the presence of a histone
deacetylase inhibitor (trichostatin A) and then subjected them
to cell lysis and immunoprecipitation with anti-AMLI. As
shown in Fig. 34, anti-AML1, but not control preimmune se-
rum, precipitated [*H)acetate-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 AML1 to be acetylated by
p300, we then employed transient transfection into COS7 cells.
First, cells were transfected with FLAG-agged full-length
AMLI1 and p300 and labeled with sodium [*Hlacetate 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 AMLIl-transfected cells with anti-FLAG. The
immunoprecipitated AML1 protein was specifically labeled
with [*H)acetate 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 AMLI1 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 @ and 10). In
contrast, deletion of N-terminal region (amino acids 23-64)
flanked by the Runt domain completely abelished AMI.1 acety-
lation by p300 (lane 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.

AMLI Is Acetylated by p300 on 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 vive
acetylation of AML1, indicating that these residues are not
involved in acetylation. These findings suggest that Lys-24 and
Lys-43 are preferentially acetylated in vive 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. 4C), 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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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,

Acetylation Augments Site-specific DNA Binding of AMLI—
Having identified an AML1 mutant that ecannot be acetylated
by p300, we set out to use this mutant to dissect the functional
consequence of AML1 acetylation. For a growing number of
transecription factors, it has been suggested that acetylation
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FiG. 3. Acetylation of AML1 in vive. A, lysates from MOLT-4 cells
pulse-labeled with 1 mCi of sodium 31/ml in the presence of 50 n
trichestatin A were immunoprecipitated with anti-AMLI1 or preimnune
serum as a control. Immuneprecipitated samples were resolved by
SDS-PAGE. Proteins were electrotransferred onto polyviaylidene diflu-
oride membrane and immunoblotted (/B) with anti-AML1 tlene 1) or
analyzed using BAS2000 image analyzer (lanes 2 and 3). Input repre-
sents 5% of the radiolabeled protein used in the assay. Locations of
molecular mass markers and AML1 arc shown. B, COS7 cells were
transfected with 10 pg of pME18S, FLAG-tagged wild type AMLI, or
the FLAG-tagged deletion mutants of AMLL, together with pcDEF3-
p300 as indicated, and were labeled with sodium [*H]acetate in the
presence of trichostatin A. Whole cell lysates were immunoprecipitated
with anti-PST and subsequently resclved on SDS-PAGE (right). Ex-
pression of each protein is monitored by tmmunoblotting of whole cell
lysates with anti-FLAG tleft). 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 AMLI1 for DNA. To test
this possibility, electrophoretic mobility shift assays were per-
formed with purified proteins for GST-AMLI1-(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
PEBP2 site, and DNA binding abilities were evaluated. When
M4 probe was incubated with GST-AML141-189) 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 AML1I to the PEBP2 sequence. We
then determined the effect of p30(-mediated acetylation on
DNA binding of AMLI1. The addition of acetyl-CoA greatly
augmented the shifted band (Fig. 54, /eft, 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 AMLI, and no
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FiG. 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 [*H]ac-
etate for 90 min. Whole cell lysates were immunoprecipitated with
anti-P8T and resolved by SDS-PAGE (tap). The expression levels of
each construct were monitored by immuncblotting (/B) of whole cell
lysates with anti-AMLI (bot?om). 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 (lanes 1-5).

increase in DNA binding was found even upon the treatment of
acetyl-CoA (Fig. 54, left, lanes 5 and 6). Coomassie staining of
each recombinant protein indicated the presence of equal
amounts of the GST-AMLI proteins (Fig. 54, 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 PEBP2. As shown in Fig. 5B (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 AML1 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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Fi. 5. The DNA binding activity of AMLI1 is augmented by
acetylation. A, EMSAs demonstrating DNA binding of acetylated and
unmodified AML1, Purificd GST, GST-AML1-(1-189), or its lysine mu-
tant (GST-K24R/K43R-11-189)} was incubated with p300-IIAT and the
#2p.labeled M4 probe cither in the presence or in the absence of acetyl-
CoA, as indicated (Jeft). 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-
maodified tlanes 2-51 and in vitro acetylated GST, GST-AML1-(1-189,
or its lysine mutant {GST-K24R/K43R or A-11-189)) lanes 6-8) was
tested by EMSA as indicated above in the presence of bacterially ex-
pressed and purified PEBP28 teft). Coomassie staining exhibits the
equal amounts of GST fusion proteins used in EMSA (right). C, the
#P.labeled M4 probe was co-incubated with nuclear extracts (contain-
ing 18 ug of proteins) from COS7 cells co-transfected with the control
vector, the wild type of full-length AML, or K24R/K43R together with
PEBP2B (left). Expression of each protein was monitored (right),
IB, immuncblot.

tered DNA binding results from a bleck 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-AML1 proteins (Fig. 58,
right). These results indicate that PEBP28 cannot fully over-
come a decrease in DNA binding of the AML1 mutants defee-
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
PEBP2B. 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 PEBP2B, a distinet band was observed
that was not recognized in the lane loaded with the maock
transfectant (Fig. 5C, left, lanes I and 2). This band became
undetectable when a cold probe was coincubated with a labeled
probe (lane 3), indicating that it represents a specific AMLI-
DNA complex. We again found that DNA binding of K24R/
K43R was significantly reduced, although it still remained at a
detectable level. Immunoblot analysis of nuclear extracts con-
firmed the presence of equal amounts of the AMLI 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 PEBP2 3 Is Not Modulated by Acety-
lation of AML1—The affinity of AML1 for DNA is markedly
increased by heterodimerization through the Runt domain with
PEBP2S, 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
AML1 affects the interaction with PEBP28. COS7 cells were
transfected with wild type AMLI1, K24R/K43R, or K24A/K43A
together with PEBP28. The cells were lysed and immunopre-
cipitated with anti-PST and then subjected to immunoblot
analysis using anti-PEBP28. As shown in Fig. 64, K24R/K43R
and K24A/K43A associated with PEBP2B as effectively as wild
type AMLI1. The expression level of each construct 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 PEBP2, suggesting that acetylation of AML1 does not
affect the affinity for PEBP28.

Acetylation by p300 Stimulates Transcriptional Activation of
AMLI—Because DNA binding of AML1 is stimulated in an
acetylation-dependent manner, it is tempting to speculate that
the transcriptional activity of AMLI1 can potentially be regu-
lated by acetylation. To determine this, we examined whether
suhstitution of Lys-24 and Lys-43 could medify transcriptional
responses induced by AMLI1. For these experiments, we em-
ployed a reporter plasmid pM-CSF-R-lue 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 AMLI 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-luc when wild type AML1 was ex-
pressed. In contrast, both K24R/KK43R and K24A/K43A showed
a significantly reduced transcriptional activation. Although
p300 expression further enhanced the transcriptional activity
of wild type AML]1, impaired transeription by K24R/K43R and
K24A/K43A was not restored even in the presence of p300. We
confirmed that beth K24R/K43R and K24A/K43A were ex-
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anti-PEBP2S or anti-AML1 (middle and bottom). B, acetylation of AMLI stimulates its transcriptional activity. pM-C8F-R-luc was co-transfected
into HelLa 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 te 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 sceded
in soft agar after G418 selection and cultured for 14 days. Cellsinfected with AML1 gave larger average colony sizes and increased colony numbers,
whereas cells infected with K24A/K43A created barely macroscopie 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 AMLI—Previcusly, 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
transeriptional activation of AML1, NIH3T3 cells depending ont 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 AML1. 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 produced 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 biolegical activity of AMLI1
in mvo.

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-
scriptional activation by AMLI1. Furthermore, acetylation
plays a key role for the transforming activity of AMLI in
fibroblasts.

Acetylation of proteins is shown to have both stimulatory
and inhibitory effects on transeription (54, 55). As for histones,
acetylation is reversible and affects the strength of protein-
DNA or protein-protein interactions. In addition, acetylation of
several transcription factors, such as p53 and MyoD), enhances
transcription of their target genes (56, 57). In contrast, acety-
lation of Drosophile T-cell receptor, high mobility group protein
/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 transcriptional 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
AML1 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 Lys-24 and Lys-43 does not affect
the affinity of AML1 to PEBP2, indicating that acetylation of
AML1 does not contribute to heterodimerization with PEBP28
(Fig. 64). Therefore, the increase in DNA binding by p300-
mediated acetylation would reflect the altered interaction of
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FiG. 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

AMUL1 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.L

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 transcriptional ac-
tivation by participating in the assembly of a high order en-
hancer complex including other transeription 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
EMSA using recombinant proteins (Fig. 5). Since many coop-
erating factors that associate with AML1 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 transcriptional responses, Further investigation
is needed to determine the existence of other possible interme-
lecular interactions. Another possibility is that other functional
modifications 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 varicus
transcription 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 ts induced by
cytokine stimulation in hematopoietic cells. Taken together
with our present studies, it is now clear that AMLI undergoes
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two types of posttranslational medifications (Fig. 7). A poten-
tial association between phosphorylation and acetylation of
AML1 remains to be further investigated.
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Predictors for severe cardiac complications after hematopoietic stem cell

transplantation
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Summary:

The value of pre-transplant factors for predicting the
development of cardiac complications after transplanta-
tion has been inconsistent among studies. We analyzed the
impact of pre-transplant factors on the incidence of severe
cardiac complications in 164 hematopoietic stem cell
transplant recipients. We identified eight patients (4.8%)
who experienced grade IIT or 1V cardiac complications
according to the Bearman criteria. Seven died of cardiac
causes a median of 3 days after the onset of cardiac
complications. On univariate analysis, both the cumulative
dose of anthracyclines and the use of anthracyclines within
60 days before transplantation affected the incidence of
severe cardiac complications (P =0.0091 and 0.011). The
dissociation of heart rate and body temperature, which
reflects ‘relative tachycardia’, was also associated with a
higher incidence of cardiac cemplications (P =0.024).
None of the variables obtained by electrocardiography or
echocardiography were useful for predicting cardiac
complications after transplantation, although the statis-
tical power might not be sufficient to detect the usefulness
of cjection fraction. On a multivariate analysis, the
cumulative dose of anthracyclines was the only indepen-
dent significant risk factor for severe cardiac complica-
tions. We conclude that the cumulative dose of
anthracyclines is the most potent predictor of cardiac
complications and the administration of anthracyclines
should be avoided within two months before transplan-
tation.
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Cardiac complications due to conditioning regimens are
well recognized, and these include congestive heart failure,
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fatal arrhythmia, and cardiac tamponade. The incidence of
such complications has varied among studies, from less than
1% to more than 26%.' ® The use of high-dose cyclopho-
sphamide in the conditioning regimen has been considered
to be the main cause of cardiac toxicity.>*%° On the other
hand, the usefulness of pre-transplant cardiclogic evalua-
tion for predicting cardiac complications is still controver-
sial.}2%82 Braverman et a/® and Fujimaki er a/® showed
that the incidence of severe cardiac complications was
higher among patients with a low ejection fraction (EF),
while Hertenstein et af found that there was no correlation
between pre-transplant cardiac function and the develop-
ment of Life-threatening cardiac events.®® Recently, Naka-
mae ef al® and Akahori er al reported that QTc dispersion
and QTc interval, respectively, were good predictors for
cardiac complications, which suggested that electrocardio-
graphy (ECG) before transplantation may be useful. In this
study, we analyzed the impact of variables obtained by
ECG and echocardiography (ultrasound cardiography;
UCG) on the incidence of life-threatening cardiac compli-
cations after hematopoietic stem cell transplantation.

Patients and methods

Patients

Of the 207 adult patients who underwent hemalopoietic
stemn cell transplantation for the first time between June
1995 and March 2003 at the University of Tokyo Hospital,
Japan, we retrospectively reviewed the records of 164
patients for whom a standard 12-lead ECG and UCG
within 3 months before transplantation was available.
Patient characteristics are shown in Table 1. Acute
leukemia in first or second remission, chronic myeloid
leukemia in chronic phase, myelodysplastic syndrome with
refractory anemia or refractory anemia with ringed sidero-
blasts, lymphoma or solid cancers in remission, and severe
aplastic anemia were defined as standard-risk diseases,
while others were considered high-risk diseases. In all, 132
patients underwent allogeneic transplantation, while 31 and
one underwent autologous and syngeneic transplantation,
respectively. Cyclophosphamide at more than 100mg/kg
was usced in 129 patients (79.9%) and ifosfamide at 12 g/m?
was used il one patient (0.6%). Total body irradiation was
applied in 89 patients (54.2%).
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Table 1 Patient characteristics
Severe cardiac complications P-value
Positive (n=8) Negative (n = 156)
Sex (M/F) 3/5 102/54 0.14
Age> 40 years 3/8 (37.5%) 797156 (50.6%) 0.72
Disease status {standard/high) 4/4 94/62 0.72
History of cardiac disease 0/8 (0%} 13/153 (8.4%) >099
Ferritin level 738 (96.5-1379.9) 632.4 (204.9-1469.T) 0.40
Cumulative dose of anthracyclines
Low {0-200 mg/m°) 1 75 0.0031*
Intermediate (201-400 mg/m?) 2 53
High {> 400 mg/m?) 5 24
Anthracycline within 60 days 5/8 (62.5%) 27/142 (19.0%) 0.011*
Radiation involving heart 1/8 (12.5%) 87152 {4.6%) 0.39
ECG
ECG abnormality 250% 14.7% 0.35
QT interval {ms) 370.3 (302.6-438.0) 379.1 (347.5-410.7) 0.47
QTe¢ interval (ms) 416.4 (369.4453.4) 424.4 (396.5-452.3) 0.45
QT dispersion (ms) 45.1 (28.2-62.0) 51.3(30.4-72.2) 044
QTe¢ dispersion {ms) 50.9 {33.3-68.5) 57.4 {34.0-80.8) 045
UeG
EF ( < 55%) 2/8 {25.0%) 16/142 (11.2%) 0.20
LAD (mm) 31.3(23.5-39.1) 32.8(269-38.7) 0.48
LYDd (mm) 48.0 {44.0-52.0) 48.0(43.3-52.7) 0.99
LVDs (mm) 33.6 {28.7-38.5) 31.4(269-359) 0.18
IVSth {mm) 85(72.199) 8.8(7.3-10.3) 0.55
PWth (mm) 8.4 (2197 8.6 (7.1-10.1) 0.64
E/A ratio 1.51 (0.71-2.31) 1.41 (0.83-1.99) 0.75
Vital
Heart rate (beats/min) 80 {57-103) 76 (53-50) 0.50
Systolic blood pressure {mmHg) 108 {82-134) 112 {99-124) 0.46
HR-BT index { >235) 3/8 {37.5%) 8/138 (7.2%) 0.024*
Regimen
Includes high-dose Cy ot IFM 62.5% 80.8% 0.20
Includes TBI 4/8 {50.0%) 85/156 (54.5%) >0.99
Stem cell
Auto/allo 35 28/128 0.17
Bone marrow/peripheral blood 5/3 94/62 >0.99

*Statistically significant.

Evaluation of pre-transplant factors

QT intervals were measured manually from the beginning
of the QRS complex to the end of the T wave. The average
of two consecutive QT intervals was calculated as the QT
interval for each lead and the QT interval for each patient
was calculated as the mean QT interval of all available
leads. QT dispersion was defined as the difference between
the longest and shortest QT interval. Each value was
corrected with Bazett’s formula. QT dispersion could not
be determined in three patients either because there were
fewer than six readable leads (n=2) or due to frequent
premature ventricular contractions (n=1).

Left ventricular EF and the E/A mitral Doppler ratio
were evaluated by UCG as indices of systolic and diastolic
functions, respectively. The cutoff of EF was determined as
55%, because the best P-value was obtained at this cutoff
by univariate analyses. The following variables were also
evaluated: left atrial dimension (LAD), left ventricular end-
diastolic dimension (LVDd), left ventricular end-systolic
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dimension (LVDs), end-diastolic intraventricular septal
thickness (IVth), and left ventricular posterior wall thick-
ness (PWth).

Blood pressure, heart rate (HR), and body temperature
(BT} were calculated as the means of respective values
measured on 2 consecutive days prior to the conditioning
regimen. The dissociation of HR and BT, called the HR-
BT index, was calculated to evaluate ‘relative tachycardia’
as follows, assuming that the normal HR was 80 beats/min
atl 37°C and increased by 20 beats/min with an increase in
BT of 1°C:

HR-BT (beats/min)= HR (beats/min)
—[80+ (BT (°C)-37) x 20]

The mean HR-BT calculated from values measured on 2
consecutive days was used for the analysis.

The cumulative dose of anthracyclines was calculated as
the equivalent dose of native doxorubicin, assuming that
the cardiac toxicity at an equal dose is 0.5, 0.8, 3.4, 0.6, 1.6,
and 0.1 for daunorubicin, pirarubicin, mitoxantrone,
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epirubicin, idarubicin, and aclarubicin, respectively.!© !*
The dose of anthracyclines was then categorized into low
(0-200mg/m?), intermediate (201-400mg/m?), and high
(> 401 mg/m?) groups. Other potential confounding factors
considered in the analysis included the history of irradia-
tion involving the heart, presence or absence of anthra-
cycline  administration  within 60 days  before
transplantation, and pre-transplant serum ferritin levels.

Evaluation of regimen-related cardiac toxicity

Regimen-related cardiac toxicity was graded according to
Bearman grade.? Only cardiac complications that devel-
oped within 28 days after transplantation were considered
regimen-related cardiac toxicity. Grade III-IV cardiac
complications were defined to be severe.

Statistical analysis

For univariate analyses, continuous variables in the two
groups were compared using the unpaired t-test or the
Mann-Whitney U test, whereas categorical variables were
compared using the ¥* test or Fisher’s exact test. Factors
associated with at least borderline significance (P<(.10) on
univariate analysis were subjected to a multivariate analysis
nsing backward stepwise logistic regression. P values of less
than 0.05 were considered statistically significant.

Results

Severe cardiac complications after transplantation

Eight patients (4.9%) developed grade III-IV cardiac
complications within 28 days after transplantation
{Table 1). Characteristics of the eight patients are shown
in Table 2. Manifestation of cardiac complications was

Risk factors for cardiac complications after transplantation
M Sakata-Yanagimoto ef af

mainly pulmonary congestion in five (patients 1, 2, 3, 7, and
), while two had severe hypotension (patients 4 and 5). All
had primary cardiac dysfunction, not secondary to other
causes. Five developed cardiac toxicity during the pre-
parative regimen and three of them died prier to
hematopoietic stem cell transplantation., The remaining
three patients developed cardiac toxicity 5, 6, and 11 days
after transplantation, respectively. Seven died of cardiac
causes a median of 3 days (range 0-45 days) after the onset
of cardiac complications.

Risk factors for severe cardiac complications

The relationships between possible confounding factors
and the development of severe cardiac complications are
shown in Table 1. Patient age, sex, and discase status were
not associated with cardiac complications. None of the
patients who developed cardiac complications had a history
of cardiac disease before transplantation, while 12 of 153
patients who did not develop such complications had a
prior history of cardiac disease (0% vs 8.4%, P>0.99),
incleding angina pectoris in two, arrhythmia in six,
congestive heart failure in one, leukemic infiltration of the
heart in two, and surgery for tetralogy of Fallot in one. Ten
patients had diabetes mellitus, five had hypertension, and
one had hyperlipidemia before transplantation, but none of
them developed cardiac complications after transplanta-
tion. As for prior treatments, both the cumulative dose of
anthracyclines and the use of anthracyclines within 60 days
before transplantation affected the incidence of severe
cardiac complications (P =0.0091 and 0.011, respectively;
Figure 1).

There was no difference in the ECG findings, including
QTc interval and QTc dispersion, between those who
developed severe cardiac complications and those who did
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Table 2 Cardiac complications during the first 30 days
Agejsex  Disease s1atus Anthracycline EF (%) Conditioning Onset CQuicome { Bearman grade)
dose {mgim’) regimens

1 30/F ALL CR2 1054 52 ETP 40mg/kg day § Severe CHF (IV), died on day 31
CY 40mg/kg
fTBL 12Gy/6

2 42/F AML CR2 > 800 45 BU lemg/kg day —3  Severe CHF (IV), died on day 36
FLU 120 mg/m?

3 27/M NHL NR 465 55 L-PAM 140 mg/m* day 6 Severe CHF (IV), died on day 51
BU 8 mg/kg
fTBI 12G/6 fr

4 24/M GCT PR 0 79 IFM 12g/m? day —4 Cardiogenic shock, (IV), died on day -2
CBDCA 1600 mg/m?
ETP 1600 mg/m®

5 31/F NHL CR2 384 65 CBDCA 1600 mg/m* day —1 Cardiogenic shock, {IV), died en day-1
ETP 1600 mg/m?
CY 100mg/kg
AraC 4g/m?

6 55/M ALL CR1 307 59 CY 120mg/kg day —1 Cardiac tamponade, (IV), died on day 2
fTBI 12Gy/6 fr

7 46/F NHL NR 520 69 CBDCA 1600 mg/m® day -2  Severe CHF, {1V}, died on day -1
ETP 1600 mg/m?
CY 100 me/ke
AraC 4 gim®

8 38/F AML CR2 408 63 CY 120mg/kg day 11 Severe CHF, {I11), alive on day 686

{TBI 12 Gy/6 fr
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Figure 1 The cumulative dose of anthracyclines was compared in
patients who developed grade III-IV cardiac complications and others.
The box-and-whisker plot shows 10, 25, 50, 75, and 90 percentile values.
Outliers are indicated by dots.

not. Furthermore, no difference was observed in the UCG
findings, including EF and the E/A ratio, between the two
groups. Impaired EF was more frequently observed in
patients who developed severe cardiac complications, but
the difference was not statistically significant (25% vs
11.2%, P=0.25). Heart rate and systolic blood pressure
before transplantation were not correlated with the
incidence of severe cardiac complications. However, a high
HR-BT index, which reflected ‘relative tachycardia’, was
associated with a higher incidence of cardiac complications
(37.5% vs 7.2%, P=0.024).

The use of high-dose cyclophosphamide or ifosfamide
was less frequent in patients who developed severe cardiac
complications. This may have been because high-dose
cyclophosphamide tended to be avoided in patients who
were considered to be at higher risk for severe cardiac
complications. The use of TBI did not affect the incidence
of cardiac complications (P>0.99).

By multivariate analysis, the cumulative dose of anthra-
cyclines was identified as the only independent significant
risk factor for severe cardiac complications, with an odds
ratio of 4.33 (95% CI 1.48-12.7, P=0.0075) for changes
between categories.

Discussion

Cardiac toxicity due to the conditioning regimen is a well-
recognized complication after hematopoietic stem cell
transplantation.>*® The incidence of severe cardiac com-
plications was 4.9% in this series, which is consistent with
the values in previous reports (0.9%-26%).! * We found
that the cumulative dose of anthracyclines correlated
independently with the development of grade III-IV
cardiac complications. Five of the 29 patients (17.2%)
who had received more than 400 mg/m? of anthracyclines
developed severe cardiac complications, Furthermore,
among this population, four of the 12 patients (33%)
who had received anthracyclines within 60 days before
transplantation developed severe cardiac complications,
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whereas these were seen in only one of 14 patients (7.1%)
who had not received anthracyclines within 60 days,
although this difference was not statistically significant
(P=0.15).

The predictive value of pre-transplant cardiac evaluation
has been inconsistent among studies. Braverman et o/ and
Fujimaki e al showed that a reduced pre-transplant EF
could be a predictive factor,>® while Hertenstein er of
showed that the incidence of life-threatening cardiac
toxicity was not significantly increased in patients with
reduced EF.® In this study, the incidence of severe cardiac
toxicity was higher in the reduced EF (< 55%) group, but
this difference was not statistically significant (11.1% vs
4.5%, P=10.25). It is possible that the number of patients
was too small to detect the difference; the statistical power
of this study to detect the difference was only 15%. In
addition, we tended to use less toxic regimens for patients
with a reduced pre-transplant EF. This might also explain
why a high-dose cyclophosphamide regimen was used less
frequently in patients who developed severe cardiac
complications.

In this study, we closely analyzed the correlation between
severe cardiac complications and variables obtained by
ECG or UCG, but none were useful for predicting cardiac
complications after transplantation, although the useful-
ness of EF should not be excluded. On the other hand,
relative tachycardia as shown by a high HR-BT index may
reflect reduced cardiac reserve. In fact, a high HR-BT was
associated with a higher incidence of severe cardiac
complications on univariate analysis. Although this was
not confirmed by multivariate analysis, it may be worth-
while to further evaluate the impact of this variable, since
the HR-BT index can be determined easily without any
cost. As another marker for cardiac reserve, Zangari et al
showed that the increment of EF during excise was useful
to predict overall peritransplant mortality, suggesting that
pre-transplant cardiac reserve may be important in
predicting transplant outcome.*

In conclusion, patients who had received a high
cumulative dose of anthracyclines, particularly more than
400mg/m?, were at the highest risk for severe cardiac
complications. Clinical interventions to prevent cardiac
toxicity, such as the use of reduced-intensity conditioning
or angiotensin-converting enzyme inhibitor as a cardio-
protectant, should be evaluated in such patients.'® Also, the
administration of anthracyclines should be avoided within
2 months before transplantation.
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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 (GYHD) before and after September
1999, when we changed the mode of cyclosporine A (CsA)
administration from twice-daily infusions (TD) (n=58) to
continuous infusion (CIF) {# =71). The incidence of grade
II-IV acute GYHD 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 I1-1V¥ acute GVHD; 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 =10.038), which resulted
in better disease-free survival in high-risk patients (43 vs
16% at 2 years, P=0.039), but not in standard-risk
patients (72 vs 80%, P=10.45). CIF of CsA with a target
level of 250—400 ng/ml may not be appropriate for GYHD
prophylaxis in standard-risk patients.
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Keywords: hematopoietic stem cell transplantation; cy-
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Cyclosporine A (CsA) is 2 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 unrefated
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 body irradiation (TBI,;
2 Gy twice daily for 3 days). GVHD prophylaxis was with
CsA and short-term MTX (10-15mg/m? on day 1 and 7-
10 mg/m? on days 3 and 6, and optionally on day 11), with a
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 immunoassay 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-emplive 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 compeling 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 =0.004), 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?, P=0.0002). Other characteristics were equiva-
lent between the two groups.

Risk factors for grade II-1V acute GVHD

First, we performed a univaniate 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=358) CIF group (n=71) P-value

Sex
Male 42 53 0.84
Female i6 18

Age
<40 years 36 36 0.22
=40 years 22 35

Risk
Standard 39 33 0.021
High 19 38

Donor
Related 42 33 0.004
Unrelated 16 38

HLA
Match 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 39 54 0.33

*BM = bone marrow, PBSC = peripheral bloed stem cell, TBI =total body
irradiation.

grade TI1-1V acute GVHD. As shown in Table 2, transplant
from an unrelated donot, the presence of HLA mismatch,
the use of a TBl-containing regimen, a lower total dose of
MTX, and CIF of CsA were identified as significant risk
factors for the development of grade II-TV acute GVHD.
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, 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 2.59; 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), 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
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