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ABSTRACT

Runx1 [AML-1) is a critical gene involved in human leukemogenesis, originally identified
at the 21922 breakpoint of the leukemic translocations of 18;21){q21:922), and is
thought to be involved in as much as 25% of human leukemia. It encodes a transcription
factor that has close homology te a Drosophila protein, runt, and is found to play essential
roles in regulation of hematopoietic systems. Really a gene disruption experiment
unequivocally shows that Runx1 is absolutely required for the establishment of definitive
or adulttype hematopoiesis. Moreover, accumulated evidence from a number of in vitro
studies and findings in patients with familial platelet disorder with predisposition fo acute
myelogenous leukemia (FPD/AML) sirongly suggests that it also commits to the control of
hematopoiefic system in adult life, although the in depth analysis of its roles in adult
hematopoiesis has been largely hampered by premature lethality of Runx T-null animals.
Recently we have developed conditional knockout mice in which Runx! is disrupted
specifically in hematopoietic compartments after birth and dissected its roles in adult
hematopoiesis. Notably, in these mice, maturation of megakaryocytes and development
of both T and B lymphocytes were severely impaired, whereas hematopoietic progenitors
were maintained or even expanded with apparently normal myeloid and erythroid
differentiation in the periphery and bone marrow. Our findings clearly demonstrated
differential requirement of Runx! in stem cell development and in its maintenance together
with mulfi-modal functions of this franscription factor that are critically required for matura-
tion of megakaryocytes and lymphocyte development, also providing a novel insight into
how deeply and meticulously Runx1 is involved in regulation of mammalian hematopoiesis.

Mammalian hematopoietic development is believed to arise from two distinct cellular
origins. In mice, the primitive erythroid cells that appears around day 7.5 postcoitus
(E7.5) in the yolk sac is the first hematopoiesis thus far detected, known as primitive
hematopoiesis, and is exclusively composed of large and nucleaced erythrocytes.! On the
other hand, the second wave of hematopoiesis, or definitive hematopoiesis, is heralded
later in the ventral region of the aorta-gonad-mesonephros (AGM) region in E10.5 and
consists of enucleated erythrocytes, myeloid cells and lymphoid progenitors, which
ensures following expansion of hematopoietic stem cells (HSCs) and blood production in
the fetal liver around E12.5.2 These are finely regulated processes in which a bunch of
genes are expressed in a well-coordinated manner and the growing lines of evidence
suggest that these regulations are mediated by a number of hematopoietic transcription
factors.

Runxi, also known as AML-1, CBFA2 or PEBP20B is a transcription factor first
isolated from t(8;21)(q21;922) and later in t(3;21)(g26;922), t(12;21)(p13;q22), and
t(16;21}(q24;921) translocations found in human leukemia in which the aberrant fusion
genes, AML-1/ETO and AML-1/Evil, TELIAML-1, and AML-1/MTG1G6, were generated,
respectively.? It has high homology to the Drosgphila segmentation gene, runt, and also has
two mammalian homologues, Runx2 (AML-3)} and Runx3 (AML-2), collectively called
the Runx family transcription factors. It is shown that Runx1 dimerizes with the common
B-subunit, CBFB, to bind to its target sequences known as PEBP2 sequences and regulates
a variety of hemaropoietic lincage-specific genes, including interleukin-3, granulocyte-
macrophage colony stimulating factor, macrophage colony stimulating factor receptor,
neutrophil elastase, granzyme B, myeloperoxidase, neutrophil defensin, and subunits of
the T-cell and B-cell antigen receptor, in cooperation with other transcription facrors.’
Runxl is absolutely required for mouse embryogenesis and hematopoiesis, since
RunxI-null embryos die at midgestation by E12.5 with massive hemorrhage in the central
nervous system and complete effacement of definitive hematopoiesis in the fetal liver,
though primitive erythropoiesis is preserved.®3 In fact it has been demonstrated using
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Runx!-LacZ knock-in embryos that
Runx] is essential for development of
HSCs from the endothelial cells in the
embryonic AGM rcgion,6 where defin-
itive hematopoiesis specifically arises
from the ventral endothelial linings
that express Runxl.

On the other hand, genetic analysis
of Runxl functions in adult life is
largely limited because of the embryonic
lethality of the homozypously gene-
targeted mice, and our knowledge
about its in vivo functions in adult
hematopoiesis has mostly come from
the analysis of murine models of
RunxI-involving translocarions, although
there exist a large body of in vitro stud-
ies that argue its postnatal functions.
Among these, the most intensively
studied is AML-1-ETO generated in
t(8:21)(q21;922) rtranslocation. Since
this aberrant Runxl (AML-1) fusion
protein seems to have a dominant-neg-
ative effect on Runx] functions and its
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knock-in mice recapitulate a RunxI-
null phenotype, several mice models of
(8;21)(q21;922) have been developed
using inducible or retrovirus-mediated
expression of the fusion protein in
bone marrow in order to clarify its
leukemogenic functions in vivo.” The
common features of these mouse models are expanded hematopoi-
etic progenitor pools and increased self-renewal capacity of stem cells
with varying degrees of abnormalities in differentiation. While these
observations provide important clues to the understanding of leuke-
mogenic mechanism through AML-1-ETO and also of physiclogical
Runx] functions, it cannot be determined to whar extent we are able
to ascribe these phenotypes to loss of Runx1 functions.

In the article recenty published, we analyzed the in vivo role of
Runx! in adult hematopoiesis using the conditional gene targeting
system.!? We generated mice in which exon 5 of the Runx/ locus was
flanked by two loxP sites and bred them with mice expressing an
interferon-inducible Cre recombinase. With this approach, Runx!
could be successfully disrupted in the hematopoietic compartments
in the adult animals. Although the absence of Runxl during devel-
opmental stages results in total loss of definitive hematopoiesis and
HSC generation, in our conditional knockout mice hematopotetic
progenitors were maintained with normal myeloid as well as erythroid
development despite complete lack of Runxl, demonstrating that
Runx! is not absolutely required for the maintenance of established
adult HSCs per se. It was further supported by transplantation
experiments of Runxl-null bone marrow cells, in which Runx!-null
hematopoietic progenitors could fully repopulate recipients” bone
marrow for at least three months. On the other hand, however, there
exist severe defects about Rume/-null hematopoietic progenitors in
producing platelets and mature lymphocytes.

A number of transcription factors, including c-Myb, GATA-1,
GATA-2, SCL, and LMO-2, also participate in the regulation of the
committed hematopoietic progenitors and are indispensable either
for the development of embryonic hematopotesis or for the expansion
of HSCs, bur their precise roles in maintenance of adult HSCs were

arrow).
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Figure 1. Function of Runx1 in adult hematopoietic maintenance. Red arrows: Runx1 is required. Runx1 is
required far development of definitive hematopoiesis at the embryonic stage, several steps in T cell development,
eorly B cell development, and polyploidization of the megakaryocytes, but not for maintenance of early
hematopoietic progenitors. Runx1 also negatively regulates the number of myeloid progenitors (broken

largely unknown. However, of particular note is a recent report that
SCL, a transcription factor, indispensable for the development of
primitive erythropoiesis at the embryonic stage, is not essential for
the maintenance of adult hematopoietic, although it is still required
for erythroid and megakaryocytic differentiation of the committed
progenitor cells.!! In addition, Kunisato et al'? demonstrated that
SCL does not affect long term repopulating capacity of HSCs but
direct their commitment to myeloid lineage using retrovirus-mediated
gene transfer of a dominant-negative SCL murant into HSCs. These
findings on SCL-null mice are comparable to those on cur Runxl-
null animals, where Runx1 is required specifically for embryonic
development of definitive hematopoiesis and regulation of lymphoid
differentiation and megakaryocytic maturation, but is also dispensable
for the maintenance of adult HSCs. Both examples may represent
the functional multi-modality of hemaropoietic transcription factors
that participated in exquisite regulation of development and main-
tenance of hematopoietic systems. In our Runx-null mice, there was
the increased number of hematopoietic progenitor cells as well as the
augmented replating capacity of these progenitors from the
RunxI-knockout bone marrow. Because Runxl is mutated in FPD/
AML!3? a5 well as some sporadic MDS cases,' 416 it is intriguing in
view of the leukemogenic role of Runx1 deficiency that the expansion
of hematopoietic progeniters and increased self-renewal capacity
have also been observed in the mouse models of t(8;21) (q21;922}-
carrying leukemias, indicating that the size of progenitor cell pool
seemns to be negatively regulated by Runxl function, which may be
overridden by AML-1-ETO. Although it is not clear whether the
increased progenitor pool reflects differentiation block of downstream
cell lineages or unregulated cell cycling or apeptosis of the progenitors,
it may well be possible that the expanded progenitor pool also
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contribute to leukemia development by, for example, increasing the
chance of additional murations. It should also be noted that neither
Runx!-null mice nor murine models of ¢(8;21)(q21;922) develop
spontaneous leukemia, indicating additional mutations are required
for development of full-blown leukemia.

As already mentioned, the RunxI-null mice show greatly reduced
platelet counts with severely impaired maturation of megakaryocytes
as evident from their smaller cell size, hypoploidy, and abnormalities
in ultrastructure, Although the precise mechanism of this phenotype
is still unclear, it is worth noting that the similar megakaryocytic
maturation arrest at the polyploidization step is also observed in
Fli-1 knockout mice and GATA-I knockdown mice.!”1? Since
Runxl and GATA-1 are known to physically interact with each
other in megakaryocytes and promote megakaryocyte-specific gene
expression,2’ it may be speculated that Runx1 regulates megakary-
ocytic maturation in cooperation with GATA-1 through affecting
megakaryocyte-specific gene expression.

Mature lymphocyte production is also severely defective in both
T and B lincages and competitively transplanted RunxI-null HSCs
could not contribute to recipients’' T or B populations in spite of the
normal number of common Iymphoid progenitors. Runxl is
expressed in the developing thymocytes and in B cells, and is known
to regulate the exptession of T cell and B cell-specific genes. A previous
study using T-cell specific Runx] knockout mice revealed the essen-
tial role of Runx1 in T cell development, in which Runx1 was shown
to be required for development of double negative (CD4-CD8)
thymocytes in transition from CD44 CD25* (DN3) 1o CD44°CD25
(DN4) phenotypes.2! However, our bone marrow reconstitution
experiment using RunxI-null hematopoietic stem cells also demon-
strated that Runxl expression is absolutely required for more early
stages of T cell development in transition from CD44*CD25*
(DN2) to DN3 double negative thymocytes. On the other hand, no
direct evidence has been reported about the exact biological role of
Runx! in B cell development. Runx1-null bone marrow cells could
not repopulate the peripheral T and B lymphocyte population of
sublethally irradiated recipients while CLP fraction of the conditional
knockout animals is not decreased. Therefore, our data revealed the
previously unknown role of Runx! in B cell development. The precise
regulation of Runxl in B cell development should be analyzed by
further investigation, and B-cell lineage-specific targeting of the
Runx! gene is under way to clarify the physiological role of Runxl
in the committed B cells.

In conclusion, from the analysis of conditional Runx1-knockout
mice, it became clear thar Runx1 is not required for the maintenance
of HSC functions in adult mice, but is indispensable for maturation
and differentiation of various blood components including T and B
lymphocytes, as well as megakaryocytes (Fig. 1). Our darta not only
recapitulate the human diseases FPD/AML and MDS related to
Runxl, bur also demonstrate that Runx! is still a multi-role regulator
in maintenance of the lincage-committed cells in adult hematopoiesis,
although for HSCs, it is essential only once ar the embryonic devel-
opmental stage.
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The establishment of an optimal neninvasive method for diagnosing invasive aspergillosis (IA) is needed to
improve the management of this life-threatening infection in patients with hematological disorders, and a
number of noninvasive tests for IA that target different fungal components, including galactomannan, (1—3)-
B-D-glucan (BDG), and Aspergillus DNA, have been developed. In this study, we prospectively evaluated the
diagnostic potential of three noninvasive tests for IA that were used in a weekly screening strategy: the
double-sandwich enzyme-linked immunosorbent assay (ELISA) for galactomannan (Platelia Aspergillus), a
real-time PCR assay for Aspergilius DNA (GeniQ-Asper), and an assay for BDG (B-glucan Wako). We analyzed
149 consecutive treatment episodes in 96 patients with hematological disorders who were at high risk for IA
and diagnosed 9 proven IA cases, 2 probable 1A cases, and 13 possible invasive fugal infections. In a
receiver-operating characteristic (ROC) analysis, the area under the ROC curve was greatest for ELISA, using
two consecutive positive results (0.97; P = 0.036 for ELISA versus PCR, P = 0.055 for ELISA versus BDG).
Based on the ROC curve, the cutoff for the ELISA could be reduced to an optical density index (0.D.L) of 0.6,
With the use of this cutofl for ELISA and cutoffs for PCR and BDG that give a comparable level of specificity,
the sensitivity/specificity/positive predictive value/negative predictive value of the ELISA and the PCR and
BDG tests were 1.00/0.93/6.55/1.00, 0.55/0.93/0.40/0.96, and 0.55/0.93/0.40/0.96, respectively. In conclusion,
among these weekly screening tests for IA, the double-sandwich ELISA test was the most sensitive at predicting

the diagnosis of IA in high-risk patients with hematological disorders, using a reduced cutoff of 0.6 0.D.1.

Invasive aspergillosis (IA} is one of the most serious com-
plications in patients with hematological malignancies. It has
an extremely high mortality rate (11) and affects not only
terminally i}l patients with refractory leukemia or lymphoma
but also patients who could otherwise be expected to experi-
ence a potential cure of the underlying leukemia or lymphoma.
Among several factors that contribute to the high mortal-
ity rate, difficulties in establishing a reliable diagnosis early
enough for successful intervention have been repeatedly dis-
cussed {10). A definitive diagnosis usually requires invasive
tissue sampling, which is often hampered by the ¢ritical con-
dition of the patients, while a delay in initiating antifungal
therapy, or, conversely, a hasty use of empiric or prophylactic
amphotericin B before making a definitive diagnosis may result
in treatment failure for full-blown infection or excess toxicity,
respectively.

To overcome this problem and to improve the treatment
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ation Medicine for Hematopoiesis, Graduate School of Medicine, Uni-
versity of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokye 113-8655, Japan.
Phone: 81-3-5800-6421, Fax: 81-3-5804-6261. E-mail; sogawa-1ky@umin
.ac.jp.

2733

outcome, advances have been made over the past decade in the
fields of both diagnostics and therapeutics, including improve-
ments in diagnostic imaging (7, 8, 18) and histopathology (1),
and the development of broad-spectrum antifungal agents with
low toxicities (4, 24, 29, 33). In the field of diagnostics, much
attention has recently been given to the development of several
types of noninvasive laboratory tests for IA. These tests are de-
signed to sensitively detect circulating Aspergiflus components
and include a double-sandwich enzyme-linked irmmmunosorbent
assay (ELISA) for galactomannan (GM) antigen (Platellia As-
pergillus) (30), tests for (1—3)-B-p-glucan (BDG) (B-glucan
Wako or FungiTec G test} (23, 25), and a number of PCR-
based assay systems for Aspergiflus DNA (5, 6, 12, 34).

The ELISA for GM uses a rat monoclonal antibody directed
against the 1—35-B-galactofuranoside side chains of the GM
molecule as both the capture and detection antibodies for
ELISA and can detect as little as 1.0 ng of circulating GM per
ml (30). The excellent sensitivity and specificity of this assay
have been repeatedly demonstrated and validated in tests of
patients with hematological disorders (22, 27, 32). BDG is a
ubiquitous component of diverse fungal species and a possible
target for the diagnostic detection of LA. Two assay systems are
currently available for the sensitive detection of circulating
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BDG, and both are based on the Limulus reaction, in which a
trace amount of BDG can trigger a horseshoe crab coagulation
cascade through factor G (23, 25). The BDG test is a useful
method for screening for invasive fungal infection (IFI) and is
widely used in Japan. The other test that has long been under
intensive investigation for the sensitive detection of 1A is PCR
amplification of Aspergilius DNA, mainly of the 188 ribosomal
gene (5, 6, 12, 34). Moreover, recently introduced real-time
PCR designs have made it possible to quantitatively evaluate a
fungal load with high sensitivity (9, 17, 21).

With regard to an antifungal strategy, it would be interesting
to determine which of these tests is the best for diagnosing LA
in patients with hematological disorders. Although high sensi-
tivity and specificity are reported for PCR-based assays, the
question whether PCR-based assays are superior to GM
ELISA is still controversial (3, 5, 19, 34). Previously, we devel-
oped a sensitive real-time PCR system for detecting Aspergillus
1885 ribosomal DNA, with which as few as 40 copies of aspergil-
lus DNA per ml of plasma could be stably detected. We re-
ported that the sensitivity of our real-time PCR for [A in 33 [A
patients was higher than those of the double-sandwich ELISA
for GM and the BDG test, with only a slightly lower specificity
than that of GM ELISA (17). However, this previous study
may have been biased by its partially retrospective design,
limited sampling points in each case or infectious episode, and
use of an inappropriately high cutoff value for ELISA. In the
present purely prospective analysis, we consecutively enrolled
96 patients with hematological disorders who were at high risk
for 1A, monitored the levels of Aspergillus DNA, GM, and
BDG in plasma, as well as the development of 1A, at weekly
intervals, and evaluated their diagnostic potentials by using
receiver-operating characteristic (ROC) analyses.

MATERIALS AND METHODS

Study population and design. From March 2001 through April 2002, a con-
secutive series of adult patients with hematological disorders who had been
admitted to our hospital and were thought to be at high risk for LA were enrolled
in the study, and their levels of Aspergilius DNA in plasma and GM in serum, and
BDG in plasma were monitored weekly, Patients were considered to be at high
risk for LA if {i} they underwent chemotherapy and were expected to be neutro-
penic (less than 500 neutrophils per pl} for at least 10 days, (i} they had
refractory disease or were neutropenic and presented for more than 96 h with
persistent fever that was refractory to appropriate broad-spectrum antibacterial
treatments, (iii) they had presented with acute graft-versus-host disease
(GVHD) of grade 2 or greater or had extensive chronic GVHD, or (iv) they had
received corticosteroids for more than 3 weeks within the previous 60 days.
Plasma Aspergillus DNA levels, serum GM levels, and plasma BDG levels were
to be measured once .weekly whenever the patients were thought to be at high
risk, Each period during which measurement was performed was defined as one
treatment episode. Omission of sampling was permitted unless two consecutive
samples were lacking. Treatment episodes with only one or two samples for each
test were excluded from the analysis.

The level of Aspergillus DNA in plasma was measured using real-time PCR, as
described previously (17). The ELISA for GM (Platelia Aspergillus; Sanofi
Diagnostics Pasteur, Marnes-La-Cosuette, France) and the B-glucan Wako test
{Wako Pure Chemical Industries, Ltd., Tokyo, Japan) were performed as spec-
ificd by the manufacturess. Each sample was tested twice for GM and BDG. and
the average of the two measurements was taken.

Antifungal prophylaxis consisted of daily administration of 200 mg of flucon-
azole or itraconazole capsules with or without 15 mg of aerosolized amphotericin
B or 10 mg of intravenous amphotericin B for patients with a suspected history
of 1A, Neutropenic fever was treated with broad-spectrum antibiotics in accor-
dance with the published guidelines (16). Blood samples were used for bacterial,
mycobacterial, and fungal cultures prior to the initiation of antibiotics. When [F]
was suspected, treatment with 1 mg intravenous amphotericin B per kg was
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initiated. During the fcbrile period, patients were intensively surveyed for pos-
sible sites of infection and causative microorganisms. Diagnostic procedures
included routine cultures of urine and stools, repeated cultures of blood and
sputum, weekly chest X rays, high-resolution computed tomography (CT) scan of
the chest, and, when possible, bronchoscopic examinations and open biopsies.

Case definitlons. For each treatment episode, a diagnosis was imade following
the published case definition criteria for invasive fungal infectons from the
European Organization for Research and Treatment of Cancer/Invasive Fungal
Infections Cooperative Group and the National Institute of Allergy and Infeg-
tious Diseases Mycoses Study Group (EORTC-IFICG and NIAID-MSG) (2),
with the necessary modification that the plasma GM level was not included in the
microbiological criteria.

Statistical analysis. As described by Maertens et al. (22), we made a set of
different estimates {(A/B, C, and D) for the sensitivity, specificity, positive pre-
dictive value (PPV), and negative predictive value (NPV) of each test, where
different definitions of disease status for an episode were used to calculate these
statistical indexes, since there is an intrinsic uncertainty regarding the true
disease status of A so that the calculation of these values could be significantly
affected by the definition of the disease status. Estimate A/B defines “proven LA™
and “probable LA” as truly positive and only “no IA™ as truly nepative, whereas
estimates C and D incorporate “possible IFI™ into the truly positive and truly
negative groups, respectively. In all of the estimates, “no-lA” episodes were
considered truly negative. Since our objective was to validate and compare the
potentials of different diagnostic tests in a setting where these tests are per-
formed weekly to menitor the development of 1A, the positivity or negativity of
a test was defined for each episode, where an episode was considered positive if
at least one sample (method I), or any two consecutive samples {method II)
became positive. There is also a practical reason for this approach. The onset and
resolution of an LA episode are not always clear and, indeed, are rather poorly
defined in many cases. Even in proven cases, there might be several febrile
episodes and the onset might be insidious. In this setting. the sample-based
calculation of sensitivity and specificity might be severely biased. In addition, we
determined a proper cutoff value for each test through a ROC analysis, in which
sensitivity and specificity were calculated as a function of the cutoff value, (1 —
specificity) was plotted against the sensitivity, and the areas under the ROC
curves (AUCs) were calculated. The significance of the difference in the AUCs
of any two diagnostic measures was statistically tested as described above, and P
values were calculated by the paired method under the null hypothesis that the
two ROC curves represent random samples from similar underlying data for
sensitivities and specificities (13). Therefore, the P values can be used only 10
compare two ROC curves at atime, The cateulated P values reflect the one-tailed
significance of difference between two ROC curves.

RESULTS

Study episodes. There were 149 treatment episodes in 96
consecutive patients, including 9 proven LA, 2 probable 1A, 13
possible IF1, and 125 no-IA episodes. Of these, 56 episodes
(38%) were associated with stem cell transplantation. The pa-
tient characteristics and sample distributions are summarized
in Table 1. Nineteen treatment episodes had no host factors,
Overall, 1,251 samples were analyzed by the real-time PCR
assay, 1,233 were analyzed by double-sandwich ELISA for
GM, and 1,243 were analyzed by the BDG test. On average,
approximately eight samples were examined for each treat-
ment episode. The characteristics of the 24 episodes of proven
IA, probable IA, and possible IFI are shown in Table 2, There
were 24 fatal episodes, of which 8 were proven IA, 1 was
probable IA, 4 were possible 1F], and 11 were no LA. Autopsies
were performed in 14 episodes (58%), including 6 proven IA
and 8 no-IA cases. In the remaining 10 fatal episodes, autopsy
was not permitted by the patients’ families. The 3 proven 1A
episodes were diagnosed based on histopathology of a pharyn-
geal biopsy specimen, a surgical specimen of the brain, and a
skin biopsy specimen, respectively. Although postmortem ex-
aminations disclosed superinfections of disseminated Tricho-
sporon infection and atypical mycobacteriosis in episode 1 and
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TABLE 1. Patient characteristics

SCREENING FOR ASPERGILLOSIS BY REAL-TIME PCR AND ELISA 2735

Patients with;
Characteristic Total”
Proven LA Probable TA Possible 1F1 No 1A
No. of episodes 9 2 13 125 149 (96)
No. of deaths 8 1 4 11 24
No. of autopsies 6 ¢ 0 8 14
Age (yr)
Mean 46 47 43 45 45
Median 42 47 40 47 46
Range 19-69 40-53 18-68 17-74 17-74
Sex (no. male/no. female) 6/3 20 121 82/43 102/47 (67/29)
No. with disease”
AML 3 1 5 48 57(29)
ALL 1 0 4 26 31(19)
CML 0 1 2 8 11 (9
MDS 3 0 2 11 16 (14)
NHL 2 v} 0 28 30(21)
AA 0 0 0 p 2(2)
Other 0 0 ¢ 2 2(2)
No. with allografts 4 2 6 44 56
Duration of episode (days)
Mecan 126 92 78 50 57
Mcdian 135 92 57 37 43
Range 36-234 50-134 35-172 11-181 11-234
No. with host factor:
Neutropenia 7 1 8 86 102
Fever 6 1 7 37 51
GVHD 2 2 5 17 26
Steroid 2 1 4 28 35
None 1 0 0 18 19
Duration of neutropenia (days)
Mean 63 10 42 16 21
Median 37 10 18 14 15
Range 0-205 0-20 0-162 0-120 0-205
No. of samples tested
PCR 154 25 146 926 1,251
Mean (per episode) 17.1 125 11.2 74 8.4
Median (per episode) 17 13 9 6 6
Range (per ¢pisode) 7-32 6-19 4-24 3-26 332
GM 155 24 140 914 1,233
Mecan (per episode) 17.2 120 10.8 73 83
Median (per episode) 18 12 9 5 6
Range (per episode) 7-30 5-19 5-24 2-26 2-30
BDG 158 24 147 914 1,243
Mean (per episode) 17.6 120 13 7.3 83
Median (per episode) 19 12 9 6 [
Range (per episode) 7-31 5-19 6-24 3-23 331

“ AML, acute myelogenous leukemia; ALL, acute lymphocytic leukemia; CLL, chronic nyelogenous leukemia; MDS, myelodysplastic syndrome; NHL, non-Hodgkin

lymphoma; AA, aplastic anemia.

® Values in parentheses are numbers of patients, Other values refer 1o numbers of episodes.

¢pisode 9, respectively, no invasive candidiasis was document-
ed during the study period.

Among the 125 no-1A episodes, 11 deaths occurred, and the
diagnosis of no IA was confirmed by autopsy in 8. The other
three fatal episodes were not confirmed by autopsy and in-
cluded two respiratory failures following chemotherapy and
one case of severe stomatitis following a second bone marrow
transplantation. One respiratory failure was due to bacterial
pncumonia, in which Psewdontonas aeruginosa was cultured
from the sputum and the blood. In the other episode, respira-
tory failure developed in association with rapid tumor growth.
Although no pathogen was identified despite repeated cul-
tures, we could not completely exclude a possible infectious
origin of this episode. The episode of severe stomatitis became
suddenly fatal after the patient aspirated the clot and was
asphyxiated.

ROC analysis. Figurc 1 shows ROC curves for each test,
using different definitions of the disease status. First, we ex-
amined the behaviors of the ROC curves for different diagnos-
tic tests by using an “ideal” estimate (estimate A/B), in which
episodes were expected to be most accurately defined, ELISA
has a larger AUC in both method I (ELISA, 0.93; PCR, 0.81;
BDG, 0.85) and method II (ELISA, 0.97; PCR, 0.76; BDG,
0.79). To increase the sensitivity for GM, we could more easily
decrease its cutoff value with a small decrease in specificity. In
contrast, a higher sensitivity could be obtained for the PCR
and BDG tests by decreasing their cutoff values, but this would
be at a significant cost in terms of specificity. When we shifted
the diagnostic algorithm from method I (one positive sample)
to method H (two consceutive positive samples), the AUC for
the GM test was further increased while those for the PCR and
BDG tests decreascd, indicating that the GM test has higher

- 180 -



J. CLIN, MICROBIOL,

KAWAZU ET AL.

2736

‘a5e 8| boumcﬁ Ay ‘uorssiwal adwod ‘woneueldsuea) |29 wals Adiodorewsay s1auafole ‘o]je sis11a anselq ¢ faseyd stwoiyd ‘gD enwayna| snousdoerpiw suolys ‘ewoydwif)eIayna] suseqoyd s
p [ o ] Il q “TIWD ‘ewoydudApeIuayna| TqoydwAf

"3|qRJIBAR 10U VN 4

PIOLFISO01I0D JO asn pafuojoid S *(QHAD 'O 93] uaisisiad ' ‘eiuadonnau *p faugeandd ssop-ysiy ‘DeIvH

3Nk “TTY ‘UDIEWLIOJSUES) UN SISE|] JO SS23%2 N4 vy -g3vy ‘etwaue a..oﬁ«.cuu v ‘swospuds onsejdsipoladun ‘S elwayna] projaku 2inae STy falqssod ‘g dd o)qeqord ‘g4 ‘usaoxd ‘f fajewn Gy ‘ajewa) o 4

sisouderp
3ALBUIIE UB INOWIM BLIFNLD
|esidoleiper ofew ay1 Suig

0/0 £0/50 050! ¥N «[N} ot NPl mou ‘Baudsi g 4 eay gD c'opelsod giosmaad TTY ddd W #S (4
sisoudelp sAneuIdle
ue moyim eI [eatdo)
-otpea sofew 341 Sulming 10u
0/0 Forso 04 VN a1en[gul mau ‘esudsip ‘yinoy SO Y HD olle-sod dOTHD ddd W oF £T
0/0 £0/b0 0/0 VN woisnya |esmapd ‘eaudsdp ‘ydnay D aly D) ‘olle-lsog [dYTWD ddd W 8T w
0/0 £0/80 ti6l WN uoisnys |2smald ‘esudsdp ‘ydno) A astly  aseasip s|qeig VISaW ddd W 5S ¥4
0/0 1090 0/0 VN udls ojey N sally  Deivad 8D IWTNY ddd 4 81 0z
FuLs SO {754 VN uossnga jeanad *raudsfy  S§OJ peag YD ‘olle-is0d gudTIV ddd W € 6l
ore PO/LD 000 wN UOREPLOSUCD JO BAUE UIYIM AIAED) ON sy ad giosmad TV ddd W §T 31
0/0 70/ 0/591 vN uossnga emald “eaudsiq SN peaq ad DHTIWD ddd W 89 I
UQLEPIasUOY JO BaIE UIYliMm
Kuaed ‘udis ojey ‘pg Juny
o Lo 0/5'r8 VN 3y1 ur suoisa| JEjupou Adunpy AN peRq ad IWTINY ddd W 19 9l
uoisnga (emad ‘plog Jum
0/0 FO/90 09/0% ¥N uf MOPEYS [eriouqe FAdsuoN  SDAN  dAlly WD ‘ollesod  gaosmoud TTY  ddd W O st
6USE 1o/eo 6000 VN udis ofeH N 2AlY  DEIVQJH MO W TNY ddd KW 19 tt
ﬁ_um— m_._-: JY) Ul SUC1S2] Je|npou
aldnnuw *wonewe(dxa 19710
0/0 £0/5p 0502 ¥N £uE MOy BOISA] UNYS JE[APON AN 2AlY  DEIVAH “¥D YW TANY ddd W 2 £l
m_wuhmn_._Eu-._ .u.—:m_um .:o._mu_
ssew uwielq Ewlyouasedenur ‘plag
o9lERl ST o0l/ss1 vN Sun| ay1 u suoiss| Fenpou A[dugniy AN PeaQ ay TAVSAW ddd W %9 il
0/0 0TET SUSIL ¥N wminds woxy smpdumf y wlis ofeg  SON  AMly WD “o|E-isod IdITND dd KW 0F I
ping umﬂ.am_ Ie[oaAle
TUSY LOKS 0/ VN -oyauolq woyy “dds sapilads p uoisag> [emajd ‘eaudsiq O pEaQ YWD ‘o|e-isod INTINY dd W £$ ol
STULILL  TITY  000'SH0pp00l  Asdomy 20U2pWAD B[ A ON AN peRQ ay g24d TV d W 69 6
0T Lol STLS Asdomy vowsnyz [emajd ‘eaudsiq AN praq ad adfr anoe v d 4 9 8
0/0 FOPT 67T fsdomy vongs [emapd ‘esudsf@  DIN peaQ (Y “oe-1s0d TAV/STN d W L
uoisngs |emad ‘pl2g
TS/SSSL STLST ODOTLADS'E dsdomny Tun[ 24 ul suoisa| renpou |y AN peaa ad v SanW d W 6l 9
UViFLE 801 0/0 Asdorg ssaosqe jeenpida wory smpSumf 'y UONINIISIP 9SEQ [[NYS JAISUIIX  JUON PEI(]  2SEISIP J|qRIS  BHUdUINQO|F0IdR[A d W s S
ping adeae]
(1)} L6 0/5°EE Asdorg leaysuolq woyy SNl Y UOHEPIOSUOD [O B3IR UM AlAB) SN aaiy- WD ‘ojje-1sod W TV d 4 8 ¥
§1/5z FoLL  $THIS fsdomny udis o]y dN  pead ad I TV d W 8 £
$9E/08  OLET 0ze fsdoyny uoisnga [emaid ‘esudsig SO peag YD ‘ofje-isod (rgavy) Saw d W € z
esoamw jeafulieyd
LpiLel  9EBE 00ZH00'T Asdorg woyy smpdiunf p pue snapy p S|[BM STULS JO HOISO. AN PE2Q QY “olfe-1sod TN TNV d 4 It [
i) rao)  (sados) awos O asenIp v owg O
odad WO ¥0d AUIPIAY 3 sa0108f o Jo smelg ._n._.mE_.—.m Ay "ol
—mu_mo_.og.._z 921008 St pUFE ohs_.u:.U Fausp Eu_ :_—U BOH o—uom.:umm

(11 poyaiy[ poraw)
IN[BA WIRLWIXE Y

SIS IRYS USR]

UONEIUIWNOP SN pue Y] jo siscuderq 7 IdVL

- 181 -



Vou. 42, 2004

sensitivily

LLGC wrandard vuon)
FLR_I C 81,0087
e —FERL CTELORE

AJT istarcard errorn |
SM_)L093:002¢)
G 0970915

P S

v

' " v
Tameoficty RR-t= =)

c D.-
——
s semum
————
= — —— G'A
i‘. s DG 3 . ¢ PCR |
] wwam BLHS_I 5

. + RO
« BDAIC :
- EDENC p-value '
GM lvs PCR_1 G035
SM_Ihvs BDG 1 G058
PR v BDG 637

AL (S1anaarg erces
BY5 1 0853078 -
BIS N G780 0o

» "

W Wi e
Vspeghzity *-spectiony

FI1G. 1. (A to C) ROC curves of the GM (A), PCR (B), and BDG
(C) tests for screening for [A. Both methods I and IT were used. The
ROC curves obtained by estimate A/B are shown in red, and those
obtained by estimate C are shown in blue, The ROC curves obtained
by method 1I arc indicated by solid lines, and those obtained by
method I are indicated by dotied lines. (D) Combination of RQC
curves of the GM 1est (method IT) and those of the PCR and BDG
tests (method 1).

reproducibility than the other two tests. The comparison of
ROC curves of ELISA (method 1I), PCR (method I), and
BDG (method I) is presented in Fig. 1D, When estimate C was
applicd for ROC analyses, these characteristics of the ROC
curve for GM were partially obscured. In estimate C, a large
decrease in sensitivity shifted the ROC curve downward and
caused a significant reduction in AUC for the ELISA and
BDG test, as expected. On the other hand, the ROC curve for
the PCR test did not significantly change, since an expected
decrease in sensitivity due to false-positive episodes in the
possible IFI group is thought to be counterbalanced by a gain
due to false-positive PCR results in thesc episodes. The ROC
curves for the GM test in estimates A/B, C, and D, which is not
presented but is similar to that for A/B, represent extreme
cases, and the unknown “real” ROC curve might be mapped
between these extremes,

Optimal cuteflf value. Determination of an optimal cutoff
value may be somewhat arbitrary depending on the purpose of
the diagnostic test. A loss of specificity may be allowed to
obtain a higher sensitivity. Based on the conventional or man-
ufacturcr-recommended cutoff values, an optical density index
(O.D.L) of 1.0, in two scrial samples for GM (2, 22), i.e, 40
copies/ml for PCR and 11 pg/mi for the BDG test, all tests
showed excellent specificity (0.98) in estimate A/B whereas
their sensitivity was generally low (0.64, for GM, 0.45 for the
PCR test, and 0.55 for the BDG test) even in estimate A/B,
with further decreases as low as 0.33 for the GM test and 0.29
for the BDG test in estimate C. The current standard for
ELISA (red arrowhead in Fig. |A) seems to be inadequate. It
could be reduced to 0.6 O.D.I in method II (red arrows in Fig,
1A), or the criteria for positivity could be relaxed to those in
method 1 while retaining the same cutoff (1.0 O.D.L}) (blue
arrows), without great loss of specificity. With regard to spec-

SCREENING FOR ASPERGILLOSIS BY REAL-TIME PCR AND ELISA 2737

ificity, the former may be recommended (P = 0.0334 by Fish-
cr’s direct test), which reflects a more leftward displacement of
the ROC curve for methad 11. Both cutoff values represent the
inflexion point of each ROC curve, around which the diagnos-
tic efficacy is maximum for both cutofs. The sensitivity/speci-
ficity and PPV/NPV of the GM test are 1.0/0.93 and 0.55/1.0
for a cutoff value of 0.6 O.D.I. in method II and 1.0/0.86 and
0.38/1.0 for a cutoff value of 1.0 O.D.I. in method L. Various
diagnostic statistical parameters in different calculations are
presented in Table 3. We may improve the diagnostic efficiency
by using two or three tests in combination. In our analyses,
however, we could not obtain better sensitivity by combination
use of multiple tests employing much reduced cutoff values
while maintaining high specificity (data not shown). This is also
accompanied by significant delay of diagnosis.

Time interval between the first positive result and the an-
temortem diagnosis. Chronological relationships between the
first positive results of different screening tests, histopathology,
and diagnostic imaging are summarized in Fig. 2 and 3. For the
PCR and BDG tests, the conventional cutoff was used, while
the second of the first two consecutive results equal to or
greater than 0.6 or 1.0 O.D.I. was plotted for ELISA. When the
new reduced cutoff was used, the first positive date for GM was
brought forward by a median of 10 (0 to 70, n = 9, mean = 24)
days compared to the conventional cutoff value. Using the
conventional cutoff, only one episode was identified to have a
positive ELISA result before definitive treatment was started,
In contrast, with the new reduced cutoff, the first positive
ELISA result preceded the initiation of broad-spectrum anti-
fungal treatment in seven IA-positive episodes (median, 31
days; range, 2 to 127 days; mean, 28 days). It became positive
51 days before a positive histopathology result (10 to 127 days;
mean, 31 days).

Unfortunately, chronological comparisons between the
three different assays were possible for only six episodes, in
which patients had refractory leukemia and their 1A tended to
have a rapidly progressive course as a terminal infection (Fig.
3). In these episodes, ELISA gave positive findings earlier than
(five episodes) or at the same time as {one episode) the BDG
test (median, 16.5 days; range, 0 to 76 days). The PCR test was
positive in 11 of 24 TA patients in estimate C. A comparison
was possible in 5 of the 11 episodes, which were also positive
for ELISA, but there was no significant difference in the date
of the first positive result between ELISA and the PCR tests.

DISCUSSION

In this study, we compared the diagnostic potential of three
different laboratory tests used to screen for IA in a prospective
setting, where GM, DNA, and BDG levels in a cohort of
patients at high risk for IA were measured weekly. The statis-
tical parameters of a diagnostic test can be dramatically af-
fected by the predetermined cutoff value, and when there is
some uncertainty regarding the discase status, as in this case,
they can also be influenced by the definition of the discase
status, Therefore, to meaningfully compare the diagnostic po-
tentials of these different tests, we performed an ROC analysis
for each test by using the same cohort of patients with different
positive result criteria (methods I and II) and various defini-
tions of the disease status {estimates A/B, C, and D). As a
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TABLE 3. Statistics for some selected thresholds

Method and threshold Sensitivity A/B (C) Specificity AB (D) PPV A/B (D) NDV A/B (C) Efficacy A/B (C)
Method |
GM (0.D.1) .
05 1.00 (0.88) (.34 {0.33) 0.12(0.11) 1.00 {0.93) (.40 (0.43)
0.6 1.00 (0.79) 0.55 (0.54) 0.16 (0.15) 1.00 {(0.93) 0.59 (0.59)
1.0 1.00 (0.58) 0.86 (0.85) 0.38 (0.34) 1.00 (0.91) 0.87 (0.81)
15 0.82 (0.46) 0.90 (0.89) 0.41 (0.38) 0.98 (0.90) 0.89 (0.83)
PCR (copies/ml)
5 0.91 (0.88) 043 (0.41) 0.12(0.11) 0.98 {0.95) 0.47 (0.30)
10 0.82 (0.79) 0.60 (0.35) 0.15 (0.13) 0.97 (0.94) 0.62 (0.63)
20 0.73 (0.67) 0.78 (0.75) 0.23 (0.19) 0.97 (0.92) (.78 (0.77)
40 0.45 (0.46) 0.98 (0.93) 0.63 (0.36) 0.95 (0.90) 0.93 (0.89)
BDG (ng/ml)
2 0.82 (0.58) 0.77 (0.76) 0.24 (0.21) 0.98 (0.91) 0.78 (0.74)
3 0.64 (0.46) 0.84 (0.82) 0.26 (0.23) 0.96 (0.89) 0.82 (0.78)
5 0.55 (0.29) 0.92(0.92) 0.38 (0.35) 0.96 (0.87) 0.89 (0.82)
1 0.55 (0.29) 0.98(0.97) 0.67 (0.60) 0.96 {0.88) 0.94 (0.87)
Method 11
GM (0.D.L)
05 1.00 (0.63) 0.84 (0.83) 0.35 {0.31) 1.00 (0.92) 0.85 (0.81)
0.6 1.00 (0.58) 0.93 (0.91) 0.55 (0.48) 1.00 (0.92) 0.93 (0.87)
1.0 0.64 (0.33) 0.98 (0.97) 0.70 (0.64) 0.97 (0.88) 0.95 (0.87)
15 0.45 (0.25) 0.98 (0.97) 0.63 (0.56) 0.95 (0.87) 0.93 {0.86)
PCR (copies/ml)
5 0.64 (0.43) 0.87 (0.86) 0.30 (0.27) 0.96 (0.89) 0.85 (0.80)
10 045 (0.30) 0.94 (0.93) 0.38 (0.33) 0.95 (0.88) 0.90 {0.84)
20 0.36 (0.26) 0.98 (0.97) 0.67 (0.50) 0.95 (0.88) 0.93 (0.87)
40 0.36 (0.26) 1.00 (0.99) 1.00 (0.67) 0.95 (0.88) 0.95 {0.89)
BDG (ng/ml)
2 0.64 (0.42) 0.91 (0.90) 0.39 (0.33) 0.97 (0.89) 0.89 (0.83)
3 0.55 (0.29) 0.95 (0.95) 0.50 (0.66) 0.96 (0.88) 0.92 (0.85)
5 0.55 (0.29) 0.98 (0.97) 0.67 (0.60) 0.95 (0.88) 0.94 (0.87)
11 0.45 (0.25) 0.99 (0.99) 0.83 (0.71) 0.95 (0.87) 0.95 (0.87)

result, the ROC curve for the GM test seemed to be better
than those for the other two tests,

We previously reported that this real-time PCR for Aspergil-
fus DNA was highly sensitive in vitro and with clinical samples
(17): it could stably detect as few as 40 copies/ml in vitro and
showed a higher sensitivity (79%) than those of the GM (58%)
and BDG (67%) tests. In the present prospective analysis with
consecutive patients, however, these results were not repro-
duced. This may be partly explained by the fact that our pre-
vious study included many retrospective samples. Further-
more, we intentionally selected IA patients and used a higher
cutoff value for the GM test. Although several authors have
also reported excellent sensitivity in PCR assays for IA (5, 6,
14, 34), we cannot directly compare those results with ours
since there were differences in the target genes, methods of
DNA extraction, starting materials, and designs of the PCR
amplifications. Some form of standardization is required to
make an international comparison possible. We used our real-
time PCR system {GeniQ-Asper) {17} because it is most widely
used in Japan. Several authors, including Loeffler et al. and
Costa et al., also published excellent real-time PCR detection
systems for Aspergillus DNA (9, 21, 26, 28), and their systems
might produce superior results in the diagnosis of IA, which
should be addressed in future studies.

As a diagnostic test, PCR requires more time and more
complicated processing and thus costs more than the BDG and
GM tests. It costs six times (15,700 yen/test) as much as the
BDG and GM assays (2,700 yen/test) in Japan. A specialized

laboratory as well as an expensive assay system and reagents
are also required. These problems should be addressed before
PCR is widcly accepted as a standard screening test for IA,
although it still seems to have value in making a diagnosis when
a variety of clinical samples are used (20, 26, 28, 31).

The BDG test has also been widely used in Japan as a
noninvasive diagnostic test for IFI, While it covers wide ranges
of fungal species and may be potentially more useful as a
screening test for IF1, it can cause frequent nonspecific reac-
tions to various medical materials, Three kinds of assay sys-
tems for BDG have been developed in Japan: a chromogenic
assay (FungiTec G test), B-glucan test Maruha) and a kinetic
assay (B-glucan test Wako), but there is still some debate
regarding their diagnostic potential. According to a sample-
based analysis by Yoshida et al. (35), the chromogenic assay
seems to be more sensitive (87.9 and 72.7%, respectively) than
the kinetic assay but much less specific (43.3 and 75.2%, re-
spectively) when the cutoff values recommended by the man-
ufacturers are used. In the present study, where we used a
kinetic assay, we could not obtain sufficient sensitivity even
with the cutoff being maximally reduced. Furthermore, even if
positive results were obtained, the positive results with the
BDG test tended to occur later in the clinical course. The
present result (55% sensitivity and 98% specificity) is consis-
tent with our previous results (67% sensitivity and 84% spec-
ificity) using the chromogenic assay and also with other re-
ports. This seems to be an inherent limitation of BDG assays
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FIG. 2. Number of days from when GM assays become positive to the onset of treatment, using a threshold of 0.6 O.D.I. by method I {solid
arrowheads) or 1.0 O.D.I. by method II (open arrowheads), or positive findings on CT. Open triangles indicate the date of positive culture, and
solid triangles indicate when the histopathological diagnosis was made (Px, biopsy; Ax, autopsy). The values in parentheses indicate the number
of days after the onset of treatment. For example, for episode 11, CT showed specific findings 50 days after the onset of treatment and the GM
assay become positive 2 days before treatment. Episode numbers correspond to those in Table 2. Episodes whose GM assays did not reach the
threshold are not shown. For episodes 2 and 9, a CT scan was not performed, and for episodes 7, 8, 10, 17, 19, 21, and 22, the CT findings were
nonspecific and could not be used for decision-making. Each treatment was started at the discretion of the physician, taking into account various
prices of clinical information, including CT findings and the results of GM assays. For Episode 8, IA was not suspected and no antifungal agent
was administered. Therefore, the date of death was used instead of the date of treatment onset.

for the diagnosis of IA, although they show a very high sensi-
tivity and specificity for candidiasis (25).

The diagnostic potential of double-sandwich ELISA for GM
has been repeatedly validated in recent large-scale studies (15,
22). However, a direct comparison of the results of different
studies, including ours, is not always easy and in fact can be
quite difficult or impractical. Many factors can influence the
apparent sensitivity and specificity and of course the PPV and
NPV. Therefore, the important point is the way in which these
results should be interpreted, and this depends on the objective
and design of each study. From this perspective, our results are
comparable to those of Maertens ¢t al. (22) but in contrast to
those of Herbrecht et al. (15). The latter addressed principally
the diagnostic potential of the GM test in the presence of an
unknown neutropenic fever or some respiratory signs and
symptoms in cancer patients. On the other hand, in our study
as well as in that of Maertens et al., the principal concern was
the potential of the test in serial screenings with multiple
measurements throughout the entire period of hematology
care., For example, the mean numbers of measurements per
episode in our study and that of Maertens et al. (8.3 and 11.2
per episode, respectively, with GM measured weekly) are sig-
nificantly different from that in the study of Herbrecht et al.
(5.5 per episode, with GM measured daily or weekly), consis-
tent with the study designs. The difference becomes more

prominent for proven 1A episodes (17.3 and 19 versus 6.8). The
differences in the mean number and timing of measurements
clearly affect the apparent sensitivity and specificity of the
studies. Hence, the apparent statistical values obtained by Her-
brecht et al. are expected to be lower than ours and those of

¥ GN: 08 1] douth
V PCR: 40 0

¥ BDG: 11 yeg Episode 1
% | epinade2
Y G ¥ Epinodes
¥e % Episode 8
24y ¥ Episoded
y' Fioe Episode 12

FIG. 3. Number of days before death that each test gave positive
results. Solid triangles indicate the date when GM became positive,
using a threshold of 0.6 O.D.I. by method II; open triangles indicate
the date when PCR exceeded a cutoff value of 40 copies/ml; and
shaded triangles indicate the date when the BDG test exceeded a
cutoff value of 11 ng/ml, by method 1. In episode 2, PCR never exceed-
ed the cutoff value. Episode numbers correspond to those in Table 2.
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Maertens et al., but they should provide a better approxima-
tion of the corresponding sample-based statistics, even though
the patient population was more heterogeneous,

According to the ROC analysis of double-sandwich ELISA,
the conventionally used cutoff seems to be too high: our rec-
ommendation is 0.6 O.D.1, and two consecutive positive re-
sults should be taken into consideration. With these new cri-
teria, the GM test showed an excellent chronological profile, It
gave the first positive diagnostic result in 9 of 14 GM-positive
IA episodes and in 5 of 9 IA or possible IFI episodes where
both CT and GM were positive. It preceded the initiation of
empiric or definitive antifungal therapy in seven episodes. Us-
ing the novel criteria, positivity was ascertained a median of 10
days before conventional positivity was noted, and in six cases
the GM test gave positive results only with the novel criteria.
These chronological advantages were not observed with a
threshold of 1.0 O.D.I. by method I1: for episodes §, 7, 8, and
10, the GM assay did not become positive; for episode 4, the
GM assay exceeded the criteria 38 days after the onset of
treatment; for episode 12, the GM assay gave positive results
16 days before the onset of treatment. According to the high
PPV with the novel cutoff criteria (0.55 for proven or probable
IA and 0.48 for proven, probable, or possible IFI) and the early
timing of its positivity, we could have initiated antifungal ther-
apy in a preemptive manner for episodes 4, 5,7, 8, 10, 11, and
12.

Our result does not justify a discontinuation or moratorium
of empiric antifungal treatment based only on a single negative
tesult in the face of an impending threat of IA. It should be
stressed that the extremely high NPVs provided here are epi-
sode-based calculations. Sample-based NPVs should be much
lower, especially when patients are at high risk. We could not
exclude a possibility of other IFI. Similarly, PPV does not
always represent the probability of currently having 1A but,
rather, predicts the probability that the subject has or will have
IA. In addition, while there was a sufficient number of no-IA
cpisodes in this study to permit reliable estimations of speci-
ficity and NPV, there is much uncertainty regarding the esti-
mations of the absolute values of sensitivity and PPV because
of the smail number of IA patients.
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HEMATCPOIESIS

The transcriptionally active form of AMLI is required for hematopoietic rescue of
the AMLI-deficient embryonic para-aortic splanchnopleural (P-Sp) region

Susumu Goyama, Yuko Yamaguchi, Yoichi [mai, Masahito Kawazu, Masahiro Nakagawa, Takashi Asai, Keiki Kumano,
Kinuko Mitani, Seishi Ogawa, Shigeru Chiba, Mineo Kurokawa, and Hisamaru Hirai

Acute myelogenous leukemia 1 (AML1;
runt-related transcription factor 1 [Runx1])
Is a member of Runx transcription factors
and is essential for definitive hematopoi-
esis. Although AML1 possesses several
subdomains of defined biochemical func-
tions, the physiologic relevance of each
subdomain to hematopoletic develop-
ment has been poorly understood. Re-
cently, the consequence of carboxy-termi-
nal truncation in AML1 was analyzed by
the hematopoietic rescue assay of AMLT-
deficient mouse embryonic stem cells
using the gene knock-in approach. None-

theless, a role for specific internal do-
mains, as well as for mutations foundin a
human disease, of AML1 remains to be
elucidated. in this study, we established
an experimental system to efficiently
evaluate the hematopoietic potential of
AML1 using a coculture system of the
murine embryonic para-aortic splanchno-
pleural {P-Sp) region with a stromal cell
line, OPY. In this system, the hematopoi-
etic defect of AML7-deficlent P-Sp can be
rescued by expressing AML1 with retrovi-
ral infection. By analysis of AML1 mu-
tants, we demonstrated that the hemato-

poietic potential of AML1 was closely
related to its transcriptional activity. Fur-
thermore, we showed that other Runx
transcription factors, Runx2/AML3 or
Runx3/AML2, could rescue the hemato-
poletic defect of AML7-deficient P-Sp.
Thus, this experimental system will be-
come a valuable tool to analyze the physi-
ologi¢ function and domain contribution
of Runx proteins Iin hematopoiesis.
(Blood. 2004;104:3558-3564)
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introduction

Acute myelogenous leukemia 1 {AML1)/runt-related transeription
factor 1 (Runx1) belongs to a family of transcriptional regulators
called Runx, which contain a conserved 128—amino acid Runt
domain responsible for sequence-specific DNA binding.! Runx
proteins make heterodimeric complexes with a partner protein,
CBFB/PEBP2B (core-binding factor B/polyomavirus enhancer—
binding protein 2B).>* and this association is essential for its
biologic activity.>? There are 3 known mammalian Runx family
members: AML1/Runx1, Runx2/AML3, and Runx3/AML2, Typi-
cally, Runx functions as a transcriptional activator of target gene
expression. Under some conditions, however, it can repress the
transcription of specific genes.

AML]1 was originally identified on chromosome 21 as the gene
that is disrupted in the (8;21)(22;q22) translocation, which is one
of the most frequent chromosome abnormalities associated with
human AML.%# Subsequently, AML1 was shown to be one of the
most frequent targets of leukemia-associated gene aberrations. 't
Moreover, somatic point mutations of the AMLI gene were also
demonstrated in patients with AML and myelodysplastic syndrome
(MDS).'**.In addition to a role in leukemic transformation,
gene-targeting studies in mice have demonstrated that AMLI is
essential for early development of definitive hematopoiesis, AMLI-
deficient embryos develop through the yolk sac stage but die

around 12 to 13 days of gestation following complete block of fetal
liver hematopoiesis.!>1¢

AMLI includes at least 3 alternalive splicing forms: AMLla,
AMLI1b, and AMLIc.”” In AMLIb and AMLIc, the carboxy
(C)-terminal to the Runt domain lies in a region that contains
sequences of defined biochemical functions, which are absent in
AML1a. Several functional domains have been identified in the
C-terminal half, such as frans-activadon domain,'®!* rans-
repression domain,?® and VWRPY motif 2123

During vertebrate embryogenesis, hematopoietic development
consists of 2 distinct waves of discrete cellular components known
as primitive and definitive hematopoiesis.2* In mice, the first wave
of primitive hematopoiesis, which consists predominantly of a
large and nucleated erythroid cell, emerges in the yolk sac at 7.5
embryonic days after coitus {dpc). Then, primitive hematopoiesis
begins to be replaced around 9.5 dpc by definiuve hematopoiesis,
generally described as the second wave. Progenitors for definitive
hematopoiesis originate from para-aortic splanchnopleural (P-Sp)
region at 7.5 t0 9.5 dpc,?*26 and long-term repopulating hematopoi-
etic stem cells (LTR-HSCs) that can reconstitute adult mice appear
in the aorta-gonad-mesonephros (AGM) at 10.5 to 11.5 dpe.2738
These cells subsequently colonize the fetal liver, where they
expand and differentiate. Active sites for definitive hematopoiesis
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are transferred to bone marrow and spleen prior to birth and
function throughout life within thesc organs. Recent studies have
shown that AMLI is expressed in the hematopoictic cell clusters
within the P-Sp/AGM region and AML/-dcficient embryos are
devoid of these hematopoietic clusters,2%32

The hematopoietic defect of AMLI-deficient mice could be
replicated in vitro by several culture systems, including the
P-Sp/AGM culture®** and the embryonic stem (ES) eell culture, 3
In these systems, hematopoietic cells are generated in wild-type
cultures but not in AMLI-deficient cultures. Recently, a gene
knock-in approach was used to demonstrate rescue in vivo of
hematopoiesis from the AMLI-deficient ES cells.33-2¢ This hemato-
poietic rescue requires the frans-activation domain of AMLI1 but
not the C-terminal frans-repression subdomain. However, no report
has elucidated roles for specific intemal domains or disease-related
mutations of AML]1 in hematopoiesis.

In the present study, we used a coculture system of cells derived
from the P-Sp region with a layer of a stromal cell line, OP9, in
which hematopoietic cell development of various lineages is
efficiently induced.’” The cultured P-Sp—derived cells show a
significant colony-forming activity in semisolid culture with appro-
prate cytokines, as well as distinct surface expression of hemato-
poietic markers. In this culture system, AML/I-dcficient P-Sp~
derived cells failed to show any hematopoietic activity. This defect
was efficiently rescucd by reactivating AMLI by retroviral-
mediated expression. Using this system, we then examined a
hematopoietic potential of a serics of AML! mutants and demon-
strated that the hematopoietic rescue of AMLI-deficient P-Sp
regions require transcriptionally active forms of AMLIL. We also
showed that enforced expression of other Runx transcription
factors, Runx2/AML3 or Runx3/AML2, could rescue the hemato-
poictic defect of AML/!-deficient P-Sp regions. These results
provide evidence that transcriptional activity of AMLI is essential
for hematopoietic development from P-Sp regions. In addition, this
coculture system makes a useful method to determine functional
consequences of AMLI on its hematopeictic potential.

Materials and methods

Mice and embryos

AMLI-deficient mice were generated as described previously®® and were
crossed onto the C57BL/6 background., To gencrate embryos, timed
matings were set up between AMLI*~ males and AMLI*'~ females. The
time at midday {12:00) was taken to be 0.5 dpe for the plugged mice.

In vitro P-Sp culture

P-Sp culture was performed as described previously® with a minor
modification. In bref, isolated P-Sp regions of 9.5 dpc embryos were
dissociated by incubation with 250 U/mL dispase (Godo Shusei, Tokyo,
Japan) for 20 minwes and cell dissociation buffer (Gibco BRL, Carlsbad,
CA) for 20 minutes at 37°C, washed once in phosphate-buffered saline
(PBS), followed by vigorous pipetting. Approximately 3 X 10* P-Sp—
derived cells were suspended in 300 L serom-free SiemPro media (Life
Technologies, Gaithersburg, MD) supplemented with 50 ng/mL stem cell
factor (SCF). 5 ng/mL interleukin (IL3; gifts from Kirin Brewery, Takasaki,
Japan), and 10 ng/mL murine oncostatin M (R&D Systems, Minneapolis,
MN). Single-cell suspensions were sceded on preplated OP-9 stromal cells
in the 24-well plate, followed by incubation at 37°C.

Plasmid construction

The ¢DNAs of human AML1a, AMLI1b, and various AML| mutants were
subcloned as EcoRI-EceR] fragments into the retrovirus vector pMY/

HEMATOPOQOIETIC POTENTIAL OF Runx PROTEINS 3558

internal ribosomal entry site—enhanced green fluorescent protein (IRES-
EGFP; pMY/1G).*® C-terminal deletion mutanis of AML1b, AMLIb-
R139G. AMLIb-S249/266A. and AMLIb-K24/43R were constructed as
described previously.!39-% For construction of AMLIBA(205-332), we
deleted the Pvull-BsiP1 fragment from AML1b, filled the resultant plasmid
with a Klenow fragment. and religated it. AML1bA(181-210} was created
by polymerase chain reaction (PCR) with the insertion of a Bg/II restriction
site to join the fragments, Flag-tagged human Runx2/AML3 cDNA was
inseried into the BamHI and the EcoRI resiriction sites of pMYs/IRES-
EGTIP {pMYy/1G).* Flag-tagged human Runx3/AML2 cDNA was inserted
into the Sacll and the XAol sites of the same vector.

Retroviral transduction

Plat-E packaging cells* (2 X 10%) were transiently transfected with 3 wg of
AMLI, Runx2/AML3, Runx3/AML2, or AML! mutants; mixed with9 pL
of FuGENE® (Roche Molecular Biochemicals, Indianapolis, INY; followed
by incubation at 37°C. Supematant containing retrovirus was collected 48
hours after transfection and used immediately for infection. Retroviral
transduction to the cells derived from AML/-deficient P-8p regions was
performed as described previously with minor modification,* In brief, the
viral supernatant was added to the P-Sp culture together with 10 pg/mL
Polybrene (Sigma, St Lounis, MO). After 72 hours of incubation. virus-
containing medium was replaced by standard culture medium. The cells
were incubated for another 10 days and processed for analysis. To confirm
the expression of Runx proteins, NTH3T3 cells were also infecied with the
same viral supernatants. The number of retrovirus-infected cells was
evaluated by the expression of green fluorescent protein (GFP).

Colony-forming cell (CFC) assay

The nonadherent or semiadherent cells rescued from AML/-deficient P-Sp
regions were used for CFC assay. Cells (6 X 10%) were plated into
MethoCult3434 medium (StemCell Technologies, Vancouver, BC, Canada)
and cultured in a 5% CO; incubator at 37°C. Colony types were determined
at day 7 by morphologic appearance and by Wright-Giemsa staining of
each colony.

Flow cytometry analysis

Flow cytometry analysis was performed in a FACScalibur with the
Cellquest program (Becton Dickinson, San Jose, CA) after addition of
propidium iodide to exclude dead cetls. For surface staining, cell suspen-
stons collected from the P-Sp culmres were incubated on ice for 30 min-
utes in the presence of vartous mixtures of labeled monoclonal antibodies.
The monoclonal antibodies used were phycoerythrin (PE)—conjugated anti—
granulocyte 1 {anti-Grl), anti-macrophage antigen 1 (anti-Mac 1), anti-stem cell
antigen 1 (ant-Scal), allophycocyanin (APC)-conjugated anti-CDH45, anti—
¢-Ki1, and biotin-conjugated anti-CD34, Biotinylated antibodies were then
counterstained with PE- or APC-conjugated streptavidin. Isotype-matched
antibedlies conjugated with the appropriate fluorochrome were vsed as
negative controls.

Western blot analysis

Retrovirus-infected NIH3T3 cells were 1ysed in radicimmunoprecipitation
assay (RIPA) buffer*! Whole-cell lysates containing 100 pg of proteins
were subjected to sodium dodecyl sulfate—polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred to a polyvinylidene difluoride membrane
{Immobilon; Millipore. Bedford. MA). The membrane was blocked with
10% skim mitk, treated with anti-AMLI (PC284L; Oncogene, Cambridge,
MA) or ant-Flag (M2; Sigma), washed. and reacted with the rabbit
anti-immunoglobulin G (anti-1gG) antibody coupled to horseradish peroxi-
dase. The blot was visualized using the enhanced chemiluminescence
(ECL) system {Amersham Pharmacia Biotech, Piscataway, NJ).
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Results

Retroviral expression of AML1 rescues hematopoiesis
by AML1-deficient P-Sp region

AMLI-deficient mice die in midgestation as a result of a complete
block in fetal liver hematopoiesis, indicating the strict in vivo
requirement of AMLI1 in definitive hematopoiesis. Consistently, the
primary culture system of the P-Sp region has demonstrated that
the failure of hematopoiesis in the fetal liver is preceded by a
hematopoietic defect in the P-Sp region, from which the develop-
ment of hematopoietic cells was never detected in AML/-deficient
embryos.3*45 When the cells isolated from wild-type P-Sp regions
at 9.5 dpc were cocultured with OPS stromal cells, small and
round-shaped nonadherent cells were produced in 5 days (Figure
1A). These cells were thought to represent a hematopoietic cell
population of various lineages because they expressed hematopoi-
etic cell surface markers and generated hematopoietic cell colonies
when plated into a semisolid culture (Figure 2; data not shown). In
contrast, the cells from AML/I-deficient P-Sp regions failed to
develop any hematopoietic cells (Figure 1B), which coincides with
the notion that AMLIi is a prerequisite for hematopoietic cell
production in the P-Sp region. Thus, AML1-dependent hematopoi-
esis could be recapitulated in vitro, and we went on further to
examine whether reactivation of a transcriptionally active form of
AMLI can rescue this hematopoietic defect. First, by packaging
the pMY/IG-AMLI1b in Plat-E cells, we generated the AMLI1b-
IRES-GFP retrovirus that expresses AMLIb and GFP. Then we
infected the cells derived from the AMLI-deficient P-Sp region
with the AMLIb-IRES-GFP retrovirus and cultured for an addi-
tional 10 days. Interestingly, AMLIb-infected cultures generated
numerous small and round cells with a nonadherent property
(Figure 1C). In contrast, cultures infected with the empty vector
(control) produced no such cells (Figure 1D). These nonadherent
cells were morphologically indistinguishable from the hematopoi-
etic cells generated from the wild-type P-Sp cells and proliferated
continuously for more than 30 days. These results suggest that lack
of P-Sp hematopoiesis can be complemented by retrovirus-
mediated reactivation of AMLI in this culture system.

Figure 1. Retroviral expression of AML1b rescues hematopoiesis from AMLT-
deficlent P-Sp reglons. Photographs were taken with a Mikon Eclipse TE2000-U
(Nikon Sankei, Tokyo, Japan) at a magnification of X 100 after 5 days of culture (A-B)
and 14 days of culture (C-D). (A) Hematopoietic ¢ells emerged at day 5 from wild-type
P-Sp regions. (8) No hematopoietic cells were observed in the culture of AMLI-
deficient P-Sp regions, showing only the background of QP9 cells. (C) AML1E-
transduced P-Sp regions from an AML {-deficient embryo generated numerous
round, nonadherent, or semiadherent cells, (D) A control culture infected with mock
virus failed to generate any hematopoietic cells.
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Rescued cells retain the features of hematopoietic cells

In the previous study, Mukouyama et al®* described that the
retroviral transfer of AMLI into the AMLI-deficient P-Sp region
gave tise to the production of small and round cells in the culture
with an appropriate combination of cytokines. However, under
their experimental condition in which no stromal cell layer was
employed, the recovered cells showed neither CFC activity nor
expression of hematopoietic cell surface markers, such as CD45
and c-Kit, which indicates that the rescue of the hematopoietic
defect is incomplete, if it occurs at all. To determine whether the
nonadherent cells recovered under our experimental condition
retain the features of hematopoietic cells, we examined CFC
activity and surface markers of those cells, both of which are
distinctly detected in wild-type P-Sp—derived cells in our coculture
system. On the 10th day of culture, the nonadherent cells were
collected and seeded into a semisolid medium. As shown in Figure
3, these cells gencrated a number of mixed, granulocyte/
macrophage, and erythroid colonies, indicating that the recovered
cells should contain various types of CFCs, possibly including
definitive lincages. In addition, the flow cytometric analysis
revealed that the rescued cells expressed hematopoietic cell surface
markers, such as a marker of hematopoietic cells, CD45; myeloid
markers Grl/Macl; and markers of hematopoietic progenitors
c-Kit, Scal, and CD34 (Figure 2). Their expression profiles were
nearly identical to those of hematopoictic cells generated from the
wild-type P-Sp cells (Figure 2).

Thus, in contrast to the previous report,*S we found that the
nonadherent cells derived from AMLJ-deficient P-Sp regions in our
culture system retained the features of hematopoietic cells that are
indistinguishable from those of wild-type P-Sp—derived cells. Tt is,
thus, likely that seeding onto OP9 stromal cells may provide a more
favorahle environment for production of hematopoietic cells from
P-Sp regions andfor the expansion of P-Sp—derived hemato-
poietic celis.

Hematopoietic potential of AML1 mutants

Using this experimental system, we then analyzed the hematopoi-
etic potential of various AMLI mutants (Figure 4). We generated
retroviruses that express a variety of AML1 mutants, including
serial C-terminal truncation, deletion of functional domains, and
substitution of specific residues. NIH3T3 cells were infected with
these viruses and the titer of the retroviruses was evaluated by flow
cytometric measurement of GFP-positive NIH3T3 cells (Figure
5A). Coincidently, retrovirus-mediated expression of each mutant
in infected cells was confirmed by Western blotting (Figure 5B).

Among those mutants, we first used a series of C-lerminal
deletion mutants including AML1a and examined their hematopoi-
etic potential by delivering them into the AMLI-deficient P-Sp
region in our coculture system. AML1bA444 and AML1bA397,
which possess the trans-activation subdomain, retained the ability
to rescue the hematopoietic defect of the AMLI-deficient P-Sp
region (Figure 6A-B). In contrast, AML1bA335, AMLIbA288, and
AMLa, which tack the trans-activation domain, failed to produce
any hematopoietic cells (Figure 6C-E). In addition, AML1bA(205-
332), which retains the C-terminal region but lacks a half of the
activation domain, has also lost the hematopoietic potential (Figure
6@G). Thus, consistent with the observation in the previous report,*
in vitro hematopoietic rescue requires the frans-activation demain
of AMLI, whereas the C-terminal repression domain including
VWRPY motif is dispensable for this function.
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Figure 2. Expression of the hematopoietic markers -
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on the rescued cells from AML1-deficient P-Sp cul-
ture. Flow cytometric profiles of the cells stained with

antibodies against Gri/Mac1, CD45, CD34, Scal, and
c-Kit. Note that the rescued cels from AMLI-deficient
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The Runt domain of AMLI is essential for both DNA binding
and heterodimerization with CBFB, but its role in hematopoietic
development has not yet been directly investigated. Therefore, we
next examined the hematopoietic potential of AMLIBARD, a
deletion mutant that lacks the Runt domain and is defective for both
DNA binding and heterodimerization with CBFB. As shown in
Figure 6F, AML1bARD could not rescue hematopoiesis from
AMLI-deficient P-Sp regions, indicating an essential role for the
Runt domain in the hematopoietic potential of AMLI. To elucidate
more explicitly a role of DNA binding of AMLI, we used
AMLIb-R13%9G, a mutant isolated from a patient with MDS, which
harbors point mutation causing substitution of Arg139 in the Runt
domain with Gly.!'3 The DNA-binding ability is severely impaired
in AMLIb-R139G, whereas heterodimerization with CBFB is
spared. As shown in Figure 61, AML1b-R139G also failed to show
any hematopoietic potential. These results indicate that DNA.
binding of AMLI through the Runt domain is also indispens-
able for in vitro hematopoietic rescue of the AML/-deficient
P-Sp region.

- Y

Flgure 3. Colony formation of the rescued cells from AML¥-deficient P-Sp. The
hematopoietic defect of AML1-deficient P-Sp regions was rescued by retroviral
expression of AML1b, and the rescued cells were plated into MethoCult3434
medium. The rescyed cells generated various types of hematepoietic colonies
including definitive origins. Representative hematopoietic colonies by 7 days of
culture are shown, (A-C) Morphology of the colonies. (D-F) Cylospin preparation of
corresponding cell populations, Cytospins were stained with Wright-Giemsa. Mix
indicates mixed colony; GM, granulocyle/macrophage colony; and E, erythroid
colony. Photographs were taken with a Nikon Eclipse TE2000-1 (Nikon Sankei) at a
magnitication of X 100.

GFP

Among corepressors that are recruited by AMLI is mSin3A,
which may contribute to AMLI-mediated repression of gene
transcription, as well as to intracellular stability of AML] 046
Indeed, the AML] mutant that cannot interact with mSin3A
[AMLI1bA(181-210)] is defective for repression of the p2] pro-
moter in the in vitro transcription response assay. Posttranscrip-
tional modification is also one of the important mechanisms that
regulate AMLI function.*>#! For example, transcriptional activity
of AMLI is enhanced by extracellular signal-regulated kinase
(ERK)—dependent phosphorylation on Ser249 and Ser266, whereas
p300-mediated acetylation on Lys24 and Lys43 augments DNA
binding of AMLI. To clarify roles of these regulatory mechanisms
in the hematopoietic potential of AML1, we used 3 types of AML1
mutants: AML1bA(181-210), AML1b-8249/266A, and AMLIb-
K24/43R. AMLIbA(181-210) is an internal deletion mutant that
lacks the binding domain for the mSin3A.2¢ In AML1b-5249/
266A, the 2 target serines for ERK-mediated phosphorylation were
replaced with alanines, which results in lack of ERK-induced
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Figure 4. Structures of AML1 and its mutants. The structures of varicus AML1
mutanits are presented schematically. Runt indicates the Runt demain; AD, trans-
activation domain; 1D, inhibitery domain; VIWRPY, VWRPY motif; m, a binding region
for mSin3A. R—{4 means a missense mutation at codon 139, which lead to a change
of aming acid (R13¢G; single-letter amino acid ¢ode). S—A means a missense
mutation at codon 249 and 266, which lead ta changes of amino acids (S249A and
$266A). K—R means a missense mutation at codon 24 and 43, which lead to
changes of amino acid (K24R and K43R).
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Figure 5. Infectlon efficiencies of retroviruses expressing AML1 or its mutants.
{A) The efliciency of retrovirus-mediated gene transfer of AML1 or its mutants was
estimated by infocting NIH3T3 cells. Retrovirus-infected cells were evaluated by the
expression of GFP (shaded histograms). Also shown are the noninfected NIK3T3
cells {open histagrams). All the retroviruses infected more than 80% of NIH3T3 cells,
(B) Expression of AML1 or its mutant proteins in infected NIK3T3 cells. The
expression s monitored by immuncblotting of whole-cell lysates with anti-AML1.

enhancement of the transcriptional activity. Finally, AML1b-K24/
43R is an acetylation-defective mutant, in which the 2 lysine
residues were substituted with arginines. Remarkably, all of these
mutants retained the ability to rescue the hematopoicetic defect in
contrast to the mutants of the Runt domain (Figure 6H,JK). The
cells rescued by these AMLI1 mutants contained CFCs, expressed
hematopoietic cell surface markers, and were morphologically
indistinguishable from the rescued cells by wild-type AMLI1b (data
not shown}. From these findings, we concluded that the hematopoi-
etic potential of AMLI does not require the interaction with

BLOOD, 1 DECEMBER 2004 » VOLUME 104, NUMBER 12

mSin3A, ERK-dependent phosphorylation, or p300-mediated acet-
ylation. Some postiranslational modifications, as well as repressor
aciivities, of AMLI may not necessarily be required for early
hematopoictic development. Given that all of these mutants retain a
basal activity of gene wtranscription,?0424} however, these results
again argue a close correlation between the transcriptional activity
of AMLI and its hematopoietic potential.

Runx2/AML3 and Runx3/AML2 have the capacity to rescue
the hematepoietic defect of AML7-deficient P-Sp regions

In addition to AMLI1, there are 2 other known mammalian Runx
transeription factors, Runx2/AML3 and Runx3/AML2, To deter-
mine whether these Runx proteins have the capacity to substitute
for AMLI in hematopoiesis, we infected AMLI-deficient P-Sp with
retrovinuses carrying Runx2/AML3 or Runx3/AML2, The infec-
tion efficiency and protein expression were assessed by the same
methed used for AML1 mutants (Figure 7A-B). Interestingly,
enforced expression of either Runx2 or Runx3 in AML/-deficient
P-Sp resulted in the generation of numerous hematopoietic cells
(Figure 7C). There is no difference among the rescued hematopoi-
etic cells by all 3 Runx proteins in terms of morphology, expression
of surface markers, and CFC activity (data not shown). These
results suggest redundant roles among Runx proteins in early
hematopoietic development.

Discussion

The striking phenotype of AMLI-deficient mice has demonstrated
an essential role for AML 1 in the formation of definitive hematopoi-
esis during development. However, domain contribution of AMLI
in early hematopeictic development has not yet been fully eluci-
dated. Here we described an assay for AMLI function based on the
ability to rescue hematopoiesis from the AMLI-deficient P-Sp
regions. Using this system, we found that the hematopoietic
potential of AML1 was closely related to its transcriptional activity.
Among those mutants used in this study, AML1bA444,
AML1bA397, and AMLIbA(181-210) are transcriptionally active
in a luciferase assay (Kurokawa et al%'; data not shown). AMLIb-
S5249/266A and AMLI1b-K24/43R also retain a basal activity of
gene transcription. All of these transcriptionally active mutants of
AMLI1 could confer hematopoietic activity on AMLI-deficient
P-Sp regions. On the contrary, other mutants that lose the transcrip-
tional activation ability (Lutterbach et al,?® Kurokawa et al*'; data

Figure 6. Hematopoietic potential of the AML1 mutants. Cells isolated
frem AML1-deficient P-Sp regions were infected with retrovirus containing
the AML1 mutants. Each retrovirus contained (A) AMLIbAZ44, (B)
AML1DbAZ97, (C} AML1bA335, (D) AML1HA288, (E) AML1a, (F)
AML1bARD, {G) AML1bA(205-332), (H) AML1bA(181-210), (1) AML1b-
R139G, (J) AML1b-S249/266A, or (K) AML1b-K24/43R. AML1bAd44 (A),
AML1bA397 (B), AMLIBA{181-210) (H), AML1b-S24%/266A (J), and
AML1b-K24/43R (K) retain the ability to rescue the hematopoigtic defect of
AML 1-deficient P-Sp regions, whereas other mutants do not. Shown are
phase-contrast microscopic views of these cultures at 14 days. Photo-
graphs were taken with a Nikon Eclipse TE2000-U (Nikon Sankei) at a
magnification of X 100.
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Figure 7. Aunx2/AML3 and Runx3/AML2 have the capacity to rescue the hematopoietic defect of AMLi-deficient P-Sp regions. (A) The efficiency of
retrovirus-mediated gene transfer of Runx2/AML3 or Runx3/AML2 was estimated by infecting NIH3T3 ceils. Retrovirus-infected cells were evaluated by the expressicn of GFP
(shadeg histograms). Also shown are the noninfected NIH3T3 cells (open histograms). (B) Expression of 3 Runx proteins (AML1, Runx2/AML3, and Runx3/AML2} in infected
NIHAT3 cells. The expression is menitored by immuneblotting of whele-cell lysates with anti-Flag. {C} Both Runx2/AML3 and Runx3/AML2 have the capacity to rescue the
hematopoietic defect of AML 1-deficient P-Sp regions. Shown are phase-contrast microscopic views of these cultures at 14 days visualized using a Nikon Eclipse TE2000-U

{Nikon Sankei) at a magnification of X 100.

not shown) did not rescue the hematopoietic defect. Previously, the
C-terminal deletion mutants of AML1b were analyzed with the ES
cell culture system. Among them, the mutants containing frans-
activation subdomains retained the hematopoietic potential.® In
the present study, we extended these analyses by examining various
AMLI1 mutants and clearly demonstrated that the transcriptional
activity of AMLI is essential for in vitro hematopoietic rescue of
AMLI-deficient P-Sp regions.

AMLI1 can also function as a transcriptional repressor depend-
ing on the target gene and the cellular context by recruiting
corepressors, such as transduction-like enhancer of split (TLE} and
mSin3A. Of these, TLE interacts with AMLI by recognizing its
C-terminal VWRPY motif 22 and mSin3A interacts mainly
through the region between amino acids 181 and 210.°% As shown
in the current study, the deletion mutants of AMLI that do not
interact with these corepressors retained the hematopoietic poten-
tial. Therefore, repressor activity of AML] appears dispensable in
early hematopoietic development. Recently, investigations using
T-cell-specific AMLI-deficient mice demonstrated that AMLI has
critical functions during thymocyte development.*’ In addition, the
trans-repression activity of AML1 was suggested to play a role in
early thymocyte development.*® Therefore, the function of AMLI
as a transcriptional repressor should be important for appropriate
T-cell differentiation. Because the culture system described here
lacks the ability to support T-cell development, we are currently
establishing another in vitro culture system to investigate the
domain contribution of AML1 in T-cell development,

Although a genetic mutation of AMLI has been found in
patients with hematologic malignancies,!*!* the precise mecha-
nisms of lcukemogenesis caused by these mutations remain
uncertain. Significant in this regard is our observation that AML1b-
R 139G, the AMLI mutant found in a MDS patient,’? has lost the
hematopoietic potential. This is the first dircct evidence that the
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point mutation in the AMLJ gene, which was found in a patient
with hematologic malignancy, leads to loss of its biologic activity
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contribute to further clarification of the molecular basis for
leukemogenesis mediated by subtle mutations in the AMLJ gene.

Qur study clearly demonstrated that both Runx2/AML3 and
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of AMLI-deficient P-Sp regions. Moreover, we also showed that
“human” Runx proteins could substitute for the “murine” AML1 in
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and the rrans-activation domains, which are essential for hemato-
poiesis, are highly conserved among members of mammalian Runx
family. Thus, Runx-mediated hematopoietic activity depends on
the evolutionarily conserved domains in Runx proteins.

In summary, we established an experimental culture system
to efficiently examine the hematopoietic potential of Runx
transcription factors. By analysis of the mutants, we precisely
mapped the region responsible for the hematepoietic potential of
AML! and demonstrated that the transcriptional activity of
AML] is essential for early hematopoictic development. Further-
more, our results suggest a functional redundancy of mamma-
lian Runx proteins in hematopoicsis.
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The AMLI (RUNXI) gene, one of the most frequent targets of translocations associated with human
lenkemias, encodes a DNA-binding protein that plays pivotal roles in myeloid differentiation through tran-
scriptional regulation of various genes. Previously, we reported that AML1 is phosphorylated on two serine
residues with dependence on activation of extracellular signal-regulated kinase, which positively regulates the
transcriptional activity of AMLI1. Here, we demonstrate that the interaction between AML1 and the corepres-
sor mSin3A is regulated by phosphorylation of AML1 and that release of AMLI1 from mSin3A induced by
phosphorylation activates its transcriptional activity. Furthermore, phosphorylation of AML1 regulates its
intranuclear location and disrupts colocalization of AML1 with mSin3A in the nuclear matrix. PEBP2B/CBFB,
a heterodimeric partner of AML1, was shown to play a role in protecting AML1 from proteasome-mediated
degradation. We show that mSin3A also protects AML1 from proteasome-mediated degradation and that
phosphorylation-induced release of AMLI from mSin3A results in degradation of AMLI in a time-dependent
manner, This study provides a novel regulatory mechanism for the function of transcription factors mediated

by protein modification and interaction with cofactors.

AMLI (RUNXT) was first identified on chromosome 21 as
the gene that is disrupted in the (8;21)(q22;q922) translocation,
which is one of the most frequent chromosome abnormalities
associated with acute myelogenous leukemia (AML) (20, 24,
29). AML1 is also disrupted in t(3;21)(q26;922), which is found
in the blastic crisis phase of chronic myelogenous leukemia
(23). It was also reported that the AMLY gene is rearranged in
acute lymphoblastic leukemia carrying t(12;21)(p12;q22) and
that this translocation generates the TEL-AMLI1 fusion pro-
tein (3, 34). Furthermore, point mutations in the Runt domain
of the AMLI gene were found in patients with AML (31, 33),
familial platelet disorder with predisposition to AML (35), or
myelodysplastic syndrome (9). These findings suggest that the
structural alterations of AMLI causcd by translocations or
point mutations trigger lcukemic transformation of hemato-
poietic cells.

AMLI regulates the transcription of various genes that are
important in hematopoiesis (27, 36, 37, 48). Furthermore, it
has been revealed that AMLI can cause neoplastic transfor-
mation when overexpressed in fibroblasts, suggesting a poten-
tial role for AMLI in promoting cellular proliferation (17).
From analyses of mice lacking AML1, it was shown that AML1
plays an important role in liver-derived hematopoiesis and
angiogencsis (30, 38).
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Previously, the regulatory mode of AMLI functions through
signal transduction pathways was investigated, and it was re-
vealed that AMLI is phosphorylated with dependence on the
activation of extracellular signal-regulated kinase (ERK) (40).
ERK-dependent phosphorylation enhances the transcriptional
activity of AMLI1, and mutations of the phosphorylation sites
reduce the transforming capacity of AML1 in fibroblasts (40).
These results indicate that the functions of AMLI1 are poten-
tially regulated by ERK-induced phosphorylation, which is ac-
tivated by cytokine and growth factor stimuli. However, the
mechanism by which the transcriptional ability of AMLI is
activated by phosphorylation has not been clear.

A growing number of proteins have been shown to interact
with AMLTI to modify its function (2, 10, 12, 19, 21, 28, 44).
Here, we have investigated whether these protein-protein in-
teractions are affected by phosphorylation of AMLI1, and we
found that the corepressor mSin3A is released from phosphor-
ylated AMLI, whereby the transcriptional activity of phosphor-
ylated AMLI is activated. Furthermore, we demonstrated that
mSin3A is a key regulator for the intranuclear localization and
stability of AMLI. This study reveals a previously unappreci-
ated role of the corepressor mSin3A as a regulator of AMLI.

MATERIALS AND METHODS

Plasmid construction. The pME-AMLI, pME-PEBP2B, pCMV-MK, and
Tww-tk-Luc reporter plasmids were constructed as described previously {(41).
The AMLI mutants S249/266A and 8249266 were obtained by replacing the
sering residues with alanines or glutamic acids by the site-directed mutagenesis
methad for AML1 ¢cDNA (15). FLAG-tagged AMLI constructs were generated
as described previously (10). The deletion mutant of S249/266A, A(181-210)SA.
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